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Abstract
Jami, Valentina, M.S.R.C.E., Department of Mechanical and Materials Engineering,
Wright State University, 2017. Development of a Computer Program for Wind Resource
Assessment, Rotor Design, and Rotor Performance.

People understand and have seen that renewable energy has many advantages over
conventional energy sources. Because of these advantages, more and more emphasis has
been given to generating electrical energy with renewable sources. Among the many
renewable and conventional ways currently available for a society to generate electrical
power, wind turbines are one of the cheapest ways of doing this.
The main objective of this thesis work is to develop a computer program that
assesses the wind resource at a given location, designs a wind turbine rotor for optimum
power capture for one wind speed, and analyzes the performance of this designed rotor
over a range of wind speeds. A key output of this computer program is the energy that a
wind turbine can produce over a one year period, at a given location. Many other results
are produced by this newly developed computer program as well. This computer program
allows for three different air foil types to be used on a single blade. Using more than one
airfoil type along a single blade is necessary for good performance of larger diameter wind
turbines.
While the computer model developed for this thesis work is applicable to any
location, any elevation, and any time period; results are produced for only one location and
one hub height. The location studied is Eaton, Ohio and the hub height is 70 meters above
the ground. Plots and single numbers that describe the Eaton wind resource are presented.
A 20-meter radius wind turbine rotor is designed using three NREL S-series airfoils along
the length of each blade of a three-bladed wind turbine rotor. For the root section of the
blade a S818 airfoil is used, for the primary section of the blade a S816 airfoil is used, and
for the tip section of the blade a S817 airfoil is used. A couple of design parameters are
surveyed along with one operational parameter.
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Chapter 1. Introduction

Wind energy is macroscopic kinetic energy that is due to the motion of air within
the earth’s atmosphere. Wind energy is sometimes viewed as a converted form of solar
energy because the primary source of energy for the wind is the sun. The sun causes
different parts of the atmosphere to be heated unevenly. Uneven heating of the air in the
atmosphere causes different pressure regions to form and these pressure differences drive
the wind. There is another major factor affecting winds in the atmosphere of the earth and
that is the rotation of the earth. As the earth rotates from east to west it tends to drag the
atmosphere with it. In addition, a rotating earth causes Coriolis effects in wind patterns [1].
Wind energy can be converted into useful mechanical power or even electricity.
People have understood very early the concept of utilizing wind energy to do specific work
like sailing, grinding grain, pumping water, and with time, converting wind energy to
electricity to power homes, businesses, schools and for various other applications. The
work in this thesis focuses on wind turbines, which by definition are devices that harness
the winds energy and convert it to electricity.

1.1. Brief History of Wind Energy Development
It is known that Hero of Alexandria, who lived in either the 1st century B.C. or 1st
century A.D., describes a device that used a windmill to provide air to an organ. This is
believed to be the first known reference to a windmill. Production of electricity through
development of small wind generators emerged in the 19th century, with the earliest
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renowned example of a wind turbine rotor built by Charles Brush in Cleveland, Ohio in
1888. The 20th century was characterized by large wind turbines; the most significant one
in the United States was built at Grandpa’s Knob in Vermont in the 1930s known as the
Smith-Putnam machine. Unfortunately, blade failure occurred in 1945 and this project was
not continued. The 1960s and early 1970’s saw a rush of wind turbine technology as a
result of an environmental movement that advocated cleaner sources of energy. It is
believed that the oil crises of the mid-1970s also triggered the concern for other energy
sources. Modern wind turbine technology comes from the first half of the 20th century,
during which a lot of research and conceptualization of a number of wind turbines was
done [2]. Today, a horizontal axis wind turbine (HAWT), whose axis of rotation is parallel
to the ground, is the most common type and the accepted design of a wind turbine [3].
It is recorded that the wind power installed in 2016 was over 54 GW, bringing the
global installed wind power to a total of 487.8 GW at the end of 2016 [4]. As of February
2016, China is the leader in wind energy with a total installed capacity of 145.3 GW where
an astounding 30.5 GW was added in 2015 [5]. According to the Global Wind Energy
Council (GWEC), China installed half of all new wind capacity worldwide in 2015 [6]. For
annual installed wind turbine capacity by region in the world see Figure 1 below.
Due to the cost effectiveness of onshore installations of wind turbines, at present
there are more onshore wind turbines than offshore wind turbines. However, due to the
many advantages over onshore, large and more consistent wind speeds and directions, the
energy production of an offshore wind turbine is higher than a comparable size wind
turbine onshore. Despite higher costs of offshore wind farms, offshore wind power is being
subsidized and built. Many countries in Europe, Asia, and North America support offshore
wind and it is predicted to produce 3 to 75 GW of energy by 2020 [7].

Advantages of Wind Energy
1.1.1.1. Wind energy is renewable
Wind energy is freely available in abundance and is non-exhaustible which means
we do not have to worry about depleting its amount and it will remain the same even if it
is continually used. Winds are caused by irregular heating of the atmosphere by the sun
and so as long as the sun shines, wind power can be harnessed.
2

Figure 1: Annual installed wind turbine capacity by region 2007-2015
[8].

1.1.1.2. Wind energy is pollution free and harmless to the environment
Wind energy is a clean form of energy and does not pollute the environment like
fossil fuels and other conventional energy sources which cause harm to the environment.
The burning of fossil fuels produces greenhouse gases which are believed to be one of the
main causes of global warming. According to the “Wind Vision Report”, wind has the
potential to reduce cumulative greenhouse gas emissions by 14%, which could save $400
billion in avoided global warming damage by 2050 [9].

1.1.1.3. Wind energy is cost-effective
Even though the initial cost of wind turbine setup is significant, the cost of wind
energy production has decreased greatly over the years and is now among the cheapest
electrical energy production methods available. Figure 2 shows wind energy cost per kW
of nameplate capacity in the United States. A large reduction in wind turbine cost occurred
in the 1980s. On a levelized cost of energy basis, wind power was rated at 7 cents per kWh
in 2009, but has substantially dropped and can be as low, 2 cents per kilowatt hour [9].
3

Figure 2: Installed cost of wind from 1982-2015. Notice that installed
costs have declined since 2010 [10].

1.1.1.4. Wind energy creates jobs
This industry has many job opportunities ranging from manufacturing, installation,
maintenance, and support services. According to the Global Wind Energy Council, the
wind energy industry created 1,155,000 jobs in 2016 [4]. In this same year the wind power
industry saw an increase of 20% in jobs, supporting 88,000 jobs at the beginning of the
year. This growth is understandable seeing that wind power is the leading source of new
generating capacity in the United States, outrunning solar energy and natural gas [11].

Disadvantages of Wind Energy
1.1.2.1. Wind turbines are noisy
Wind turbines are usually installed far away from residential areas, as well as places
of work, as there have been complaints that the machinery inside the turbines make
unpleasant noises when operating. At a distance of about 100 m, sound levels from wind
turbines are about 55 dB which is the same level of sound from a car travelling at 60
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km/hour [12]. The closest that a wind turbine is typically placed to a home is 300 meters
[13].

1.1.2.2.

Winds are unpredictable and inconsistent
The wind turbines need a certain wind speed to be effective and this is unpredictable

as wind strength is not constant and does not blow reliably in some areas. At times, hybrid
systems coupled with solar or geothermal are employed. Wind speeds are especially
inconsistent onshore; which cause low efficiencies and design issues. That is why a lot of
research has been put forth to install more offshore turbines; however, the cost of
installation is high.

1.1.2.3. Use large land areas
Because of the massive structures of wind turbines and the necessity to put them up
in large numbers for adequate electricity generation, large tracks of land are required.
Hence, the sites chosen are usually far from residential areas and this many times brings
the disadvantage of having long transmission lines to get the generated electricity to the
consumers.

1.2. Objective
The main objective of this thesis work is to develop a computer program that will
analyze the wind resource and then design and analyze an optimum wind turbine rotor for
extracting power from this wind resource. The developed computer program is capable of
dealing with different airfoils, different rotor sizes, different numbers of blades, and
different rotor rotational speeds. This computer program produces a wind power curve for
the designed rotor. The predicted power curve is used to determine the annual energy
output of the designed wind turbine rotor, at a given location on the surface of the earth, at
a given elevation, for a specified time period. Fundamental data on the chosen airfoils such
as general shape, lift coefficients, and drag coefficients are obtained from a source outside
of this work. Airfoil lift and drag coefficients are essential information to perform this
design and analysis. While the computer model developed for this work is applicable to

5

any location, any elevation, and any time period, only one location and hub height will be
studied in this thesis. The location studied is Eaton, Ohio and the hub height is 70 meters.
In addition to producing a number of results on the wind turbine rotors, a detailed
wind resource assessment is done to get average values that quantify the wind resource
available. Such parameters as the average wind speed, the standard deviation of the wind
speed, and the average wind power density are produced. This assessment gives an idea of
the potential energy in the wind at the chosen site for the wind turbine. This is useful for
determining whether a particular site will be viable for a wind turbine installation.

1.3. Outline of Thesis
Fundamentally this thesis work is divided into three parts: 1) the wind resource, 2)
design of wind turbine rotors, and 3) analysis of wind turbine rotors. All three of these
sections are required to obtain the amount of electrical energy a wind turbine can produce
over a year at a specified location. The fundamental data required by the computer program
are measured wind speeds at a given location, at a given elevation for a year time period.
The other fundamental input data required are the air foils chosen. This includes the basic
shapes of the airfoils and lift and drag coefficients as a function of angle of attack. Because
wind resource, design of wind turbine rotor, and analysis of the wind turbine rotor are the
three fundamental parts of this work, the reader will notice that many of the chapters and
sections of chapters are organized around these three parts.
For example, Chapter 2, which provides useful background information to the
reader, contains information on the wind resource, information on how wind turbine rotors
are designed, and information on how the performance of a designed wind turbine rotor is
determined for operating conditions off the design point. Also, included in Chapter 2 is a
discussion of the different parts of a wind turbine. It was felt that this provides the reader
a more holistic view of wind turbines, even though the developed program only looks at
the rotor. In Chapter 3, a review of the literature is undertaken. Once again, the three thrusts
of this work can be seen in the sections of Chapter 3. The first subsection of Chapter 3
looks at investigations that have studied the wind resource, the second section looks at
investigations that have undertaken wind turbine rotor design, and the third section looks
at investigations that have performed wind turbine analysis. Chapters 4, 5, and 6 are
6

directly based on the three thrusts of this work. Chapter 4 gives a detailed explanation of
how the wind resource is analyzed, Chapter 5 provides a detailed explanation of the
technique used to design the wind turbine rotor, and Chapter 6 provides a detailed
explanation of the analysis technique used to determine the off-design performance of the
designed wind turbine rotor. Even Chapter 7, the results section, is divided according to
the three thrusts of this thesis work. In the first section, results on the wind resource for
Eaton, Ohio are given, in the second section, results on the design of the wind turbine
blades are given such as the chord length and the pitch angle, and in the last section of
Chapter 7 performance results on the designed wind turbine blade are given. Of course,
these performance results include the power curve for the wind turbine over a range of
oncoming wind speeds and the annual energy production, but other results are given as
well.

7

Chapter 2. Background Information

As mentioned above this chapter gives some background information on wind
energy and wind turbines; such as the maximum power in the wind and how much of that
power can be extracted without violating fundamental principles of physics. So, that the
reader has an appreciation of the entire wind turbine, the fundamental components of a
wind turbine are given in this chapter. While this work only studies the rotor of the wind
turbine, it is useful for the reader to have an understanding of the wind turbine in its
entirety. In the last two sections of this chapter, different types of wind turbine design and
analysis techniques are discussed in a mostly qualitative manner. This discussion makes
the reader aware of other techniques that could have been used to perform this work and
hopefully allow the reader to draw conclusions on the work done in this thesis.

2.1. Wind Resource
Wind energy is very abundant in many areas around the world; global statistical
values can be found in references [14], [15], and [16]. In the United States, good wind
resources are found mainly in the central part of the country. A detail map of the wind
resource available in the United States is shown in Figure 3. This map also shows that very
good wind resources exist just off the east coast of the country in the Atlantic Ocean and
just off the south coast in the Gulf of Mexico. The wind speeds shown in Figure 3 are a
critical feature of the wind resource, because the power density in the wind is proportional
to the cube of the wind speed,

8

𝑃 1 3
= 𝜌𝑈 .
𝐴 2

(1)

The reason the power density of the wind is proportional to the wind speed cubed, instead
of the wind speed squared, is that one of the wind speeds in the 𝑈 3 term represents the
mass flow of the wind.

Figure 3: Wind resource of the United States showing mean annual wind
speeds at 200 m resolution and a 120 m height [17].

Wind Speed Variation with Height
Because wind speeds are often reported at one or two or a very limited number of
heights above the earth’s surface, an understanding of how the wind speed varies with
elevation is required. Worldwide wind data measurements for meteorological applications
are generally done at a height of 10 m from the ground. However, wind turbines of many
different heights are installed and thus wind information at many elevations is required.
Now-a-days wind turbines for utility scale applications are being installed 80 to100 m from
the ground. Therefore, there is a need for understanding how wind speed varies with
elevation so that accurate wind turbine performance can be predicted [18].
Due to the influence of the earth’s surface and turbulence, wind speeds generally
increase with height above the ground and the wind speed varies around its local mean
9

value with time. Figure 4 below shows how the wind speed varies with height and the
fluctuations that result because of turbulence. Ignoring the fluctuations, the wind speed
profile in Figure 4 is that of a typical boundary layer. This is understandable because the
wind blowing over the surface of the earth is like a fluid flowing over a flat plate. Both
situations result in a fluid dynamic boundary layer. The characteristic of the wind’s
boundary layer that is different than many of the boundary layers normally studied in an
undergraduate fluid dynamics course, is the thickness of the boundary layer. In
undergraduate fluid dynamics, boundary layers are usually quite thin, on the order of
millimeters; however, for the wind flowing over the surface of the earth, boundary layers
are on the order of a kilometer thick. This means all wind turbines are immersed in the
earth’s boundary layer.
To model the vertical profile of wind speed over different types of terrains, two
mathematical formulas are used. These two formulas are called the log law and the power
law, referring to the mathematical function used to quantitatively specify the boundary
layer profile. Both approaches look at the time averaged nature of the profile, and neither
approach accounts for the fluctuating nature of the profile. Turbulence effects are included
in the time averaged profile.

Figure 4: Instantaneous and mean wind speed profiles [19].
10

2.1.1.1 Log law profile
The log law is based on the principles of boundary layer and atmospheric research
and delivers good accuracy up to heights 150 to 200 meters above the ground [20]. A height
of 200 meters is higher than the hub height of today’s wind turbines, but it must be realized
that the tips of the blades are getting close to reaching these heights.
For open areas of small roughness and homogeneous terrain, the log law is given
as
𝑢∗
𝑧
𝑈(𝑧) = 𝑙𝑛 ( ),
(2)
𝑘
𝑧𝑜
where 𝑈(𝑧) is the wind speed at a height z, 𝑢∗ is the friction velocity, and 𝑘 is the Von
Karman constant, normally taken as 0.4. The quantity 𝑧𝑜 is a surface roughness height
describing a particular terrain. Table 1 below gives recommended surface roughness
lengths for various terrain types. Because wind turbine energy production calculations at a
given location use measured wind speed data at one elevation, and what is required is wind
speed information at another elevation, Equation (2) is rewritten as
𝑧
𝑈(𝑧) 𝑙𝑛 (𝑧𝑜 )
=
.
𝑈(𝑧𝑟 ) 𝑙𝑛 (𝑧𝑟 )
𝑧𝑜

(3)

Writing Equation (2) in the form of Equation (3) has eliminated the need to know the
friction velocity. In addition, it has injected measured results in to the calculation. Thus,
the log law is simply used to extrapolate measured wind speed data from a reference height,
zr, to another height.

2.1.1.2. Power law profile
The power law is a simple model for vertical wind speed profiles that is commonly
used in the wind energy field. Just like the log law, the power law is written as a ratio
between a height where the wind speed has been measured and a height where it is desired.
The power law wind speed profile is
𝛼

𝑈(𝑧)
𝑧
=( ) ,
𝑈(𝑧𝑟)
𝑧𝑟)
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(4)

where α is the power law exponent. It has been found that α varies with elevation, season,
time of day, nature of the terrain, wind speed, temperature etc.; but for the most part it is
only taken as a function of the terrain. Table 2 below shows typical power law exponents
for a number of terrain types. From this table, it is seen that these exponents vary from 0.1
up to 0.4. For typical turbulent boundary layers studied in an undergraduate fluid dynamics
course this exponent is generally taken as 0.14. Justus [21] provides a formula for the power
law exponent as a function of the reference velocity and the reference height,
0.37 − 0.088 ln(𝑈𝑟𝑒𝑓 )
(5)
𝑧𝑟𝑒𝑓 .
1 − 0.088 ln ( 10 )
Another investigator, Counihan [22], shows the exponent as a function of surface
𝛼=

roughness as
𝛼 = 0.096 𝑙𝑜𝑔10 𝑧0 + 0.016(𝑙𝑜𝑔10 𝑧𝑜 )2 + 0.024.

(6)

Table 1: Approximate surface roughness lengths for various terrain
types. [2]

Mathematical Methods for Describing Wind Resource
There are basically three levels of mathematical description of the wind resource at
a particular site. These three levels are labeled as 1) the direct use of data method, 2) the
bin method, and 3) the analytical statistical method. In general, the direct use of data
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method uses the least amount of data grouping in its calculations and the analytical
statistical method uses the greatest amount of data grouping. The bin method is in the
middle in its use of data grouping. This means the greatest resolution in results is obtained
with the direct use of data method and the least amount of resolution is obtained with the
analytical statistical method. It is possible to use the data provided by the direct use of data
method to obtain inputs for the bin method; and it is possible to use data from the direct
use of data method or the bin method to obtain inputs for the analytical statistical method.
In going from the direct use of data method to the analytical statistical method the amount
of information on the wind resource that is utilized in calculations decreases. This means
the number of calculations that need to be done is reduced and computational times
generally are reduced. However, the detail in the results is also reduced. If complete wind
speed data is available for one year in small enough time increments, then the direct use of
data should provide the most accurate results. Complete wind speed data should be
provided on 5 or 10 minute intervals for a detailed direct data calculation.
Table 2: Typical power law exponents for various terrain types [2].

In the subsections below, each one of these techniques for describing the wind
resource is discussed briefly. In this thesis work, the direct data method is utilized to obtain
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bin method information and then the bin information is utilized to calculate final average
wind speed, energy, and power results. Grouping wind information into bins before being
used for wind turbine rotor calculations greatly reduces computational times and injects
little error into the results as long as the bin size is kept reasonably small. A detailed
description of the wind resource calculations utilized in this thesis work is given in Chapter
4.

2.1.2.1. Direct use of data
The direct use of data method does just what its name implies; it uses every
measured data point individually to calculate such quantities as the average wind speed,
the standard deviation of the wind speed, the average power density in the wind, and the
energy density in the wind over a given time period. As mentioned above this method has
the ability to provide the most detailed results for a given location; and, as long as the
measured wind speed data is in fine enough time intervals, should provide the most
accurate results. This technique also allows the user the most flexibility in choosing the
time period for calculations. With the analytical statistical method, the user is confined to
the time period for which the input quantities are specified.
A typical energy density calculation at the direct use of data level looks like
𝑁𝑃

𝐸 1
= 𝜌Δ𝑡 ∑ 𝑈𝑗3 .
𝐴 2

(7)

𝑗=1

In this equation, 𝑁𝑃 is the number of wind speeds over the time interval 𝑁𝑃 Δ𝑡 where Δ𝑡 is
the uniform time interval to which winds speeds are assigned. The summation in Equation
(7) sums the cube of the wind speeds over every time interval Δ𝑡. The cube of the wind
speed is used because the power present in the wind is proportional to the wind speed
cubed. Energy is obtained by summing this quantity over time which is what the summation
and the Δ𝑡 do. Similar equation forms result for the other quantities listed in the prior
paragraph. To get the average quantities listed, the quantity of interest is simply divided by
the number of points for a uniform time increment. One such average quantity is the
average wind speed which is obtained with
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𝑁𝑃

1
̅=
𝑈
∑ 𝑈𝑗3 .
𝑁𝑃

(8)

𝑗=1

Again, a summation over all the input data points is seen. This is the defining characteristic
for the direct use of data method. The average wind speed calculated with Equation (8) is
not needed for other calculations done in the direct use of data method, but it used to
describe the wind resource at a given location, or it can be used as an input parameter for
the analytical statistical method.

2.1.2.2. Method of bins
To reduce the number of calculations that are required in determining such
quantities as the average wind speed, the standard deviation of the wind speed, the average
power density in the wind, and the energy density in the wind over a given time period, a
bin method can be used. In this method, the individual data points are grouped into a
specified number of bins and the number of data points in each bin is determined. This
reduces the number of terms in the summations shown in Equation (7) and Equation (8) to
the number of bins chosen. This is a substantial reduction since the number of measured
wind speeds, 𝑁𝑃 , for the direct use of data method may be 105,120 to cover a one year time
period with 5 minute measurement increments; and the number of bins, 𝑁𝐵 , that would
adequately describe this same time interval may be as small as 10 or 20.
Two example equations for the bin method that correspond to Equation (7) and
Equation (8) for the direct use of data method are
𝑁𝐵

𝐸 1
= 𝜌Δ𝑡 ∑ 𝑈𝑗3 𝑓𝑗
𝐴 2

(9)

𝑗=1

and
𝑁𝐵

1
̅ = ∑ 𝑈𝑗 𝑓𝑗 .
𝑈
𝑁

(10)

𝑗=1

The parameter that differentiates Equations (9) and (10) from Equations (7) and (8) are the
frequencies of occurrence of the speed measurements in the bin range, 𝑓𝑗 . These
frequencies are what reduce the number of terms in the summation from 𝑁𝑃 to 𝑁𝐵 . As long
as the speed range over which the bins are formed is small, very little difference in final
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results should be seen as compared to those from the direct use of data method. Many times
in the bin method, bins are sized equally for convenience. This is what is done in this work.

2.1.2.3. Analytical statistical method
Unlike the previous two methods discussed where time series wind data is
available, the statistical analysis of wind data only makes use of an average wind speed
and standard deviation of the wind speed at a particular site. As mentioned above, the
average wind speed and the standard deviation of the wind speed can be obtained using the
bin method or the direct use of data method. Sometimes these two quantities are obtained
by interpolating or extrapolating them from nearby locations. The nice aspect of the
analytical statistical method is that large amounts of wind data are not required. The
analytical statistical method has advantages in presenting tabulated wind speed data in
textbooks. Only two data points are required for each site, instead of the much larger input
data sets required for the bin method and the direct use of data method. The way that the
analytical statistical method reduces the amount of input wind speed information required
is that it uses standard wind speed distributions over a period of time. The two most used
wind speed distributions are the Weibull distribution and the Rayleigh distribution. Both
of these distributions are discussed below. Other analytical statistical techniques have been
presented in the literature. In the following paragraphs, a few of the key quantities used in
the analytical statistical method are discussed.
The key quantity used by the analytical statistical method is the probability
distribution function. This quantity describes the distribution of wind speeds with time.
There are two common distribution functions used for wind speeds; these are the Rayleigh
distribution
П 𝑈
П 𝑈 2
𝑝(𝑈) = ( ) ( 2 ) exp [− ( 2 ) ]
̅
̅
2 𝑈
2 𝑈

(11)

and the Weibull distribution
𝑘 𝑈 𝑘−1
𝑈 𝑘
𝑝(𝑈) = ( ) ( )
exp [− ( ) ],
𝑐 𝑐
𝑐

(12)

where methods of determining k and c have been put forth by Justus [21], Johnson [23],
and Rohatgi and Nelson [24]. According to Justus these quantities can be determined from
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𝜎𝑈 −1.086
)
̅
𝑈

𝑘= (

(13)

and
𝑐=

̅
𝑈
1
Γ (1 + )
𝑘

.

(14)

̅, and the
Both of these distributions rely on known values for the average wind speed, 𝑈
Weibull distribution requires a standard deviation, 𝜎𝑈 , of the wind speed distribution. The
Rayleigh distribution does not require a standard deviation because it is nothing more than
a special Weibull distribution where the parameter 𝑘 is taken as 2. The quantity Γ in
Equation (14) is the gamma function. Plots of the Weibull probability distribution function

Probability Density Function, 1/(m/s)

are shown in Figure 5. The plot for 𝑘 = 2 is the Rayleigh probability distribution function.

Figure 5: Examples of Weibull and Rayleigh probability density functions
[2].

Once a probably function has been chosen a number of useful quantities can be
determined. For example, the energy density over a given period of time can be determined
from
∾

𝐸 1
= 𝜌(𝑡𝑓 − 𝑡𝑖 ) ∫ 𝑈 3 𝑝(𝑈) 𝑑𝑈
𝐴 2
0
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(15)

where (𝑡𝑓 − 𝑡𝑖 ) is the time period of interest. It must be realized that the time period
(𝑡𝑓 − 𝑡𝑖 ) needs to correspond to the time period for which the average wind speed and the
standard deviation of the wind speed were determined. While the average wind speed is
required to determine the probability density function and is generally taken as an input to
the analytical statistical method, if the 𝑘 and 𝑐 values required in Equation (12) are directly
given to the user, then the average wind speed can be calculated from
̅ = ∫∾ 𝑈𝑝(𝑈)𝑑𝑈.
𝑈
0

(16)

2.2. Parts of a Wind Turbine
Wind turbines capture kinetic energy from the wind and convert it into electricity.
The two primary components on a wind turbine that carry out this task are the rotor and
the electric generator. The rotor takes the linear kinetic energy of the wind and converts it
to rotational shaft energy. This rotational shaft energy is delivered to the electric generator
which converts it into electrical energy. Other wind turbine components are low and highspeed shafts, a gearbox, yaw mechanism, and a housing which are mounted on top of a tall
tower along with the rotor and the electric generator. The tower is embedded in a
foundation that keeps the wind turbine erect and places the wind turbine rotor at a certain
height above the ground. The rotor has to be placed at least half its diameter above the
ground, but higher elevations provide better wind exposure. Additionally, wind turbines
may use electrical components for wind turbine control and to manipulate the electrical
power produced by the electrical generator so that it can be safely put on the electrical grid.
Most of the wind turbines used today are horizontal axis wind turbines (HAWT) as opposed
to vertical axis wind turbines, due to their higher efficiency. Figure 6 shows a typical
HAWT and the typical components placed on top of the tower of a wind turbine are shown
in Figure 7. A less detailed component figure, but one that shows the entire tower and its
foundation, is given in Figure 8.
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Figure 6: Horizontal axis wind turbine [25].

Figure 7: Parts of a wind turbine typically located on top of the tower
[26].
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Figure 8: Major components of HAWT [2].

Rotor
One of the two primary components in a wind turbine is the rotor. The rotor is the
most recognizable feature of a wind turbine (see Figure 6, Figure 7 and Figure 8). The rotor
consists of a hub and the blades. The hub is at the center of rotation of the rotor and serves
as a location where all blades can be connected to a shaft that runs to the wind turbine
gearbox. While it may seem like it is important to keep the hub diameter small, this is not
necessarily the case for large diameter wind turbine rotors. Small fractions of the total wind
energy hitting the rotor is at the hub. For a 50-m diameter wind turbine, less than 1% of the
wind’s energy will hit a 4-m diameter hub. Besides this, the hub is designed to direct the
wind from itself to the blades. Most wind turbines today use an upwind rotor orientation
with three blades. Other numbers of blades can be used, but this changes the rotational
speed that must be used and when one or two blades is used bad yawing characteristics
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appear. Three blades seem to be a good compromise between performance and initial costs.
Almost all installed wind turbines at this time are built with three blades. The rotor blades
need to be sturdy and of low enough cost to hold a good place in the market. The majority
of wind turbine blades are made from composites, mostly glass fiber or carbon fiber
reinforced plastics [2].
Of the two parts of the rotor, the blades require the most care in design. Wind
turbine blades extract energy from the wind by generating lift as the air flows over their
curved shape. So that this energy extraction is maximized, these blades need to be designed
correctly. At the present time, many research organizations have designed and tested airfoil
shapes specifically for wind turbines. These new blade shapes have improved the
performance of the modern-day wind turbine. For individual wind turbines, these airfoil
shapes are used, but the chord length and orientation of the airfoil still need to be
determined. Proper choice of chord length and orientation will affect the ability of the
blades to capture the energy in the wind. Chapter 5 of this thesis presents a design
procedure to obtain these two aspects of the airfoil for a particular wind turbine. As will be
discussed in the next section, no blade can capture all the kinetic energy in the wind on a
steady basis, but it is desired to extract as much of the 59.26% of the energy that can
theoretically be extracted. This is the goal of good wind turbine rotor design.

Generator
The other principle component of a wind turbine is the generator. The generator is
a device which converts rotational mechanical energy of the high-speed shaft in a wind
turbine in to electrical energy. The generator uses the principle of electromagnet induction
to produce electric voltage, which in turn pushes electric charges present in its windings
through an external circuit.
There are two basic types of electric generators used in a wind turbine: the induction
generator or the synchronous generator. Both of these generators utilize electromagnets to
generate a rotating magnetic field. The rotation speed of this magnetic field is called the
synchronous speed. In an induction generator, the generator rotor spins at a speed slightly
different than the synchronous speed and this is the way this generator uses a conductor
and a magnetic field to generate electric current. In a synchronous generator, the generator
21

rotor spins at the synchronous speed, but the magnetic field on the rotor is slightly
misaligned with the rotating magnetic field. This is the way this type of generator converts
mechanical energy to electrical energy. Almost all large wind turbines use induction or
synchronous generators with an induction generator having some advantages. Induction
generators are rugged, inexpensive, and easy to connect to an electrical network. Squirrel
cage induction generators are commonly used in grid-connected, utility scale electric
generators.

2.3. Performance of Wind Turbine Rotors
Power Coefficient
A nice way to describe the performance of a wind turbine rotor is through the power
coefficient. The power coefficient is the ratio of the power extracted from the wind by the
rotor to the power in the wind. The power coefficient is written as
𝐶𝑝 =

𝑃
1
3
2 𝜌𝐴𝑈

.

(17)

The numerator of this equation represents the rotational mechanical energy of the rotor and
the denominator represents the energy in the wind that is striking the rotor. The area in this
equation is the area swept out by the wind turbine rotor. It is easy to see that the power
coefficient is essentially a rotor efficiency.

Betz Limit
Albert Betz, a German physicist came up with a theory that states the theoretical
maximum power coefficient of any wind turbine rotor or any device that is extracting
kinetic energy from the moving air in a steady fashion, is 0.5926. This is called the Betz
limit [27]; which means that a wind turbine can only convert up to 59.26% of the wind’s
kinetic energy into rotational mechanical energy. This is a theoretical limit based on the
principles of conservation of linear momentum and conservation of mass. These
conservation principles are applied to the pseudo one-dimensional stream tube shown in
Figure 9. This stream tube expands in area from a location far upstream of the actuator disk
to a location far downstream of the actuator disk. For the case of a wind turbine, the actuator
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disc is the rotor; but the Betz theory makes no assumptions about the actuator disc, just that
it is some device to extract kinetic energy from the air flow. In order to extract kinetic
energy from the air flow, the air flow must slow down. The air flow cannot slow to a zero
speed because this would prevent further air flow from going through the actuator and
violate the condition that this is a steady flow device. The Betz limit is important
information for the reader to know so that they can assess what is a good and bad rotor
power coefficient. In general, a good power coefficient is somewhere above 0.45. Good
wind turbines today have power coefficients in the range from 0.45 to 0.50 [28]. Higher
power coefficients can and have been obtained, but this is difficult. It also must be
understood that the power coefficient is a function of the undisturbed wind speed; and the
power coefficient will peak at certain wind speeds and be poorer at other wind speeds for
a given wind turbine rotor. A lot of focus is given in the research to increase the rotor power
coefficient.
While the Betz limit is useful, it does not help with designing the turbine blades to
achieve a good power coefficient [29]. This is where blade element momentum (BEM)
theory comes in. This is discussed in the next subsection.

Figure 9: Actuator disc model of wind turbine showing stream tube for
the pseudo one-dimensional analysis used to obtain Betz limit [30].
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Blade Element Momentum Theory
Blade element momentum (BEM) theory is used to determine the forces acting on
the blades and the flow field changes caused by the interaction of the wind turbine blades
and the flow field. Forces on the blades are required to determine the power extracted from
the wind by the rotor. The magnitude, direction, and location of these forces allows for the
torque on the wind turbine rotor to be determined. The torque times the rotational speed of
the rotor provides the power extracted from the wind. The rotational speed of the rotor is
an input to BEM theory. This has to be an input because the characteristics of the rotor and
the wind speed are not sufficient to determine the rotor rotational speed. The resistance to
rotor rotation by the gearbox and generator are strong factors in determining the rotor
rotational speed. The gearbox and the generator are not being modeled as part of this thesis
work and the rotor rotational speed is an input to the analysis.
Blade element momentum theory is the combination of blade element theory and
momentum theory, both of which are described in detail in reference [2]. Blade element
theory is based on dividing the blade into a number of segments where it is assumed that
each of these segments acts independently of the surrounding segments. The forces acting
on the blade segments due to the shape of the airfoils can be calculated based on local flow
conditions. Blade element theory seeks to determine lift and drag forces for a blade segment
from known lift and drag coefficients as a function of angle of attack. From the determined
lift and drag forces on each blade element, the total force on the rotor can be obtained by
summing the forces on all blade elements. Momentum theory considers conservation of
momentum and conservation of mass on each blade element, including the effects of the
forces. Forces induce fluid velocity changes which can be calculated from the change of
momentum and conservation of mass in the axial and tangential directions. These two
theories acting together account for fluid phenomena and blade effects.
The reason for subdividing the blades into a number of elements is that the air
velocity relative to the blade is a function of the radial location on the blade. This occurs
because of the rotation of the blade. The blade velocity at each radial location is given by
𝑣𝑏 = 𝛺𝑟.

(18)

Since the blade speed changes as a function of the radial location, the relative speed of the
air to the blade will change with each radial location. It is the air speed relative to the blade
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and the direction of the air flow relative to the blade that is required to determine proper
lift and drag coefficients; so that proper lift and drag forces can be determined. Figure 10
shows such an element for a two-bladed wind turbine. Corresponding elements on all of
the blades that make up the wind turbine can be calculated at the same time because every
blade provides the same response. Thus, flow velocities and forces are the same over every
blade.
The two aerodynamic forces acting on the blades are the lift and the drag. The lift
force is always perpendicular to the relative air velocity at the blade element. The drag
force is always taken in the relative wind direction. From these two aerodynamic forces,
the rotational and thrust forces acting on the rotor can be determined. For efficiently
designed blades, the drag forces should be considerably smaller than the lift forces.
Renown authors like Jansen [31], de Vries [32], and Wilson, Lissaman and Walker [33]
suggest that the drag forces can be ignored since the profile drag coefficient does not
contribute to velocity induction at the blade within the approximation of small blade
chords. In this thesis work, drag forces are included in the model.
Pseudo one-dimensional momentum theory is only valid up to a certain point. In a
pseudo one-dimensional analysis flow cannot be flowing away from the turbine and back
towards the rotor at the same time. Air cannot turn 180 degrees and start flowing back
upstream. This 180-degree turn occurs when the axial induction factor,
𝑎=

𝑈 − 𝑈2
,
𝑈

(19)

becomes greater than 0.5. The axial induction factor represents the fractional amount the
oncoming wind, 𝑈, slows down before reaching the rotor. This slowdown in wind speed
occurs because pressure pulses from the rotor are sent upstream from the rotor signaling
the air that there is a blockage ahead. The velocity 𝑈2 in Equation (19) is the velocity of
the air just on the upstream side of the rotor as shown in Figure 9. The velocity 𝑈 in
Equation (19) is the oncoming wind velocity shown as location 1 in Figure 9. In terms of
the axial induction factor the velocity at location 4 in Figure 9 is
𝑈4 = 𝑈(1 − 2𝑎).

(20)

Equation (20) shows that the velocity at location 4 in Figure 9 goes negative when the axial
induction factor goes greater than 0.5. This means the air is traveling back towards the
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rotor, which is not allowed in the pseudo one-dimensional analysis that is assumed by some
implementations of BEM theory. Because higher dimensional flow fields have fluid
changing directions, these situations occur in actual turbines and should be included in
more general rotor analyses. This is done in this work.

Figure 10: A blade segment showing force components and air velocity
components [34].
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For cases where the axial induction factor is close to and greater than 0.5, Glauert’s
empirical formulation can be used. The connection between the pseudo one-dimensional
conservation of momentum analysis and Glauert’s empirical formulation for the thrust
coefficient is shown in Figure 11. The thrust coefficient,
𝐶𝑇 =

𝐹𝑇

,
(21)
1
2
𝜌𝐴𝑈
2
is a non-dimensional technique for describing the force, 𝐹𝑇 , on the rotor in the undisturbed
wind direction. The red line in Figure 11 shows a more realistic representation of the thrust
on the rotor. The red line comes from Glauert’s empirical formulation for air flow through
a rotor, while the black line shows the thrust obtained from a pseudo one-dimensional
momentum analysis. At an axial induction factor slightly below 0.5, the two solutions start
to diverge and from there up to an axial induction factor of 1.0 they are completely
different. The solution from the pseudo one-dimensional momentum analysis from 0.5
upwards is unrealistic and shows the problems resulting from the pseudo one-dimensional
assumption when the flow should be treated in a multidimensional manner.

Figure 11: The axial induction factor and thrust coefficient from pseudo
one-dimensional theory and Glauert's method [35].
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Many researchers such as Lanzafame and Mesina [36], Dai et al. [37], and Shariff
and Nobari [38] used BEM theory to predict the performance of wind turbine rotors. Within
its realm of applicability, reasonable results can be obtained. In this thesis work a
combination of the pseudo one-dimensional momentum analysis and the empirical
formulation of Glauert is implemented under BEM theory.

Power Produced by Wind Turbine
The power available from a wind turbine, Pt, which is extracted from the available
wind power, Pw, can be represented by a power curve as shown in Figure 12. While the
curve shown in Figure 12 is terms of actual power, this curve can also be made in terms of
the wind turbine power coefficient as presented in Equation (17). In addition these curves
can be produced for the wind turbine rotor only. It is understood that having this curve for
the entire wind turbine is ultimately required; and the rotor only represents one piece of the
wind turbine and losses incurred by other components of the wind turbine will lower the
the wind turbine power curve from the rotor power curve; however, there is value to
looking at the rotor separate from the rest of the wind turbine.

Figure 12: Typical power output curve for a wind turbine [2].
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A number of special points can be seen in Figure 12. The first special point is the
cut-in wind speed. This is the slowest wind speed where the wind turbine can produce
power. At wind speeds below the cut-in speed, the wind does not have enough strength to
turn the wind turbine rotor fast enough to generate usable electrical power. The next special
point shown in Figure 12 is the rated power of the wind turbine. The rated power of a wind
turbine is generally taken as the maximum power that can be produced by the wind turbine.
Figure 12 shows that the power produced by this particular wind turbine drops for a stallregulated wind turbine and remains the same for a pitch-regulated wind turbine as the wind
speed increases. One may think that more power can be extarcted from higher wind speeds,
but this only true if the wind turbine is designed for the upper wind speed range. However,
present day wind turbines can only be designed for specific ranges of wind speeds. This
range should correspond to the pervailing wind speeds at the location where the wind
turbine is installed. The last special point in Figure 12 is the cut-out speed. This is the point
where the wind turbine is shut down to protect it from damage. At speeds higher than the
cut-out speed sturctural or electrical damage can occur.
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Chapter 3. Literature Survey

3.1. Wind Resource Assessment
Before setting up large wind turbines, one should do a thorough study of the site to
see if the location is appropriate. While there are a number of factors that determine
whether a site is appropriate, the work in this thesis is focused on the wind resource; and
thus, this section of this thesis summarizes the process used to assess the wind resource at
a particular site.
A site assessment for a large wind turbine installation should consist of at least two
phases. These two phases are the initial assessment of the site using published wind speed
data and a detailed site evaluation which entails taking measurements at the location where
the wind turbines are to be installed. The reason for doing the detailed site measurements
is that wind speeds can vary greatly over short distances, because of local terrain and
natural or man-made obstructions to the wind. Published wind speed data is generally given
over a large area and is based on measured data at locations that are far apart. While it is
tempting to interpolate wind data between these locations, this should only be done for an
initial assessment, not the final assessment. While the second phase of this procedure is
costly and time consuming, this technique delivers the greatest chance of success for a
large wind turbine installation.
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The Initial Assessment
The initial assessment of the wind resource at a particular site is a step taken to
make a rough estimate of the site’s wind energy potential. This step determines whether a
more detailed wind resource assessment should be done. The initial assessment is done
using published data on the wind speeds at locations close to or surrounding the site of
interest. This published data comes in the form of wind resource maps that are usually
published by governmental organizations. These maps are made from measurements taken
at meteorological stations located around a particular country or even over bodies of water.
For locations over large bodies of water satellite imaging can be used to infer wind speeds
close to the surface of the water.
Wind resource maps are mostly government published estimates of the wind
resource as a function of location and sometimes given at more than one altitude. Examples
of such maps are the Canadian Wind Atlas [39], the European Wind Atlas [40], and the
Wind Resource Atlas of the United States [41]. The United States Department of Energy’s
Wind Program is another well-known resource which provides land and off-shore wind
data for the United States. “A technical wind resource assessment completed by the
Department of Energy’s Wind Program in 2009 estimated that the land-based wind energy
potential for the contiguous United States is 10,500 GW at an 80-meter height and 12,000
GW at a 100-m height, assuming a wind turbine capacity factor of at least 30%.” [9] There
is also wind resource data that can be found on the Idaho National Laboratory’s website
[42]. More and more work is being done to increase the accuracy of these wind resource
maps. While the data from wind resource maps are to be used for an initial site wind survey,
they should not be considered accurate enough to make large wind turbine installation
decisions. Wind maps are to be used for a preliminary selection of sites and for academic
studies of the wind resource.

The Detailed Site Evaluation
After the initial site assessment determines a promising site for the wind turbine
installation, at least a year of wind data at the site is required for detailed assessment, to
ensure feasibility of the project. This is done by erecting meteorological towers equipped
with anemometers, wind direction vanes, and sometimes pressure, temperature and relative
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humidity sensors. Six anemometers should be installed at three different heights on the
tower; two anemometers at every height. The anemometers are installed in pairs of two to
ensure the reliability of the measurements and to act as backups in case one anemometer
fails.
The bigger the project proposed, the greater the need for data accuracy and the
expense for the assessment increases. Heated anemometers along with calibrated unheated
anemometers are used at sites where there are icing events. At times, when precise siting
of the wind turbines on the site is not confirmed, one measurement tower should be
installed on the highest point of the site and a second tower should be installed at distant
location on the site so that data can be interpolated and extrapolated across the site.

3.1.2.1. Computer modeling for wind resource
Anemometer and other sensor data information are considered the most reliable for
wind turbine energy production estimates; however, it can be expensive and timeconsuming to obtain meteorological readings for a year. Recently, computer based
modelling has been used to extrapolate wind conditions from historical data, which have
been seen to be less expensive than taking year-long meteorological measurements.
A study by Palma et al. [43] presents wind resource assessments done over a
complex terrain using conventional techniques, linear models, and cup anemometer
measurements. Two of the linear models presented in Palma et al. [43] are WAsP [44] and
MS3DJH [45]. These techniques can be combined with non-linear models such as
computational fluid dynamics (CFD) to obtain much better prediction of the wind resource
at a particular site for a lesser cost than a purely measurement orientated study. Linear
models are not suitable for complex terrains since they do not predict flow separation, but
CFD does handle these situations.
A case study [46] of actual electrical grid integrated wind farms composed of 33
wind turbines installed in Tamilnadu, India is simulated using Meteodyn software for wind
power potential assessment [46]. This software was developed by Didier Delauney in 2003
[47] and uses CFD for complex terrains. Other researchers have also used Meteodyn for
wind assessment which can be found in references [48] and [49].
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Long Term Validation of Data
To further quantify the wind resource at a particular site, it is desirable to have
estimates of the wind resource change over a period of many years, even decades. The
detailed site evaluation study done above can be done for multiple years, but this is very
costly, and is cost prohibitive to do over a multiple decade time frame. Because wind
speeds do change over a period of many years, it is nice to have some estimate of how long
term wind changes will affect the chosen wind turbine installation site. To do this, data
from the detailed site evaluation phase is compared to long term weather data over the
course of ten years or more. This information is then used to get some idea of the longterm changes in energy that may occur at a particular wind turbine site.
Rehram [50] presented a paper on wind data analysis at Yanbo, Saudi Arabia where
hourly data of wind speed and direction were collected for a period of 14 years between
1970 and 1983. The collected data is compared and studied with the historical data to
provide annual, seasonal, and diurnal variations at the site. The analysis showed that the
seasonal and diurnal pattern of wind speed matched the electricity production pattern of
the location. Chang et al. [51] studied wind characteristics in Taiwan where the analysis
was based on long-term measured data taken from 1961 to 1999 on an hourly basis at 25
meteorological stations across Taiwan.
While many researchers and wind developers have used long-term historical data
comparison for a site’s data validation [52], there are some who have done assessment with
short term data. Bechrakis et al. [53] used one year’s of wind data and Raichle et al. [54]
used three years of wind data (2002-2005) at the Southern Appalachia Ridges in the United
States. The longer the period of historical data, the more accurate the site’s long-term
energy production capabilities can be predicted.

3.2. Rotor Design
Designing a wind turbine rotor entails determining a number of quantities. These
include the diameter of the rotor, the number of blades on the rotor, the rotational speed of
the rotor, the hub size of the rotor, the airfoil shapes used for the blades at each radial
location, the chord length of the blades at each radial location, and the pitch (twist) of the
blades at each radial location. Some of these factors are discussed in reference [26]. The
33

diameter of the rotor is primarily determined by the peak power production desired from
the rotor. Of course, this will be a function of how well the blades are finally designed, but
can be estimated before blade design is attempted. At this time, the number of blades used
on wind turbines is almost exclusively three. There are one and two bladed wind turbines,
but these have all but been abandoned in favor of the three-bladed turbine. Three bladed
turbines have the desirable attribute of the yaw moment being the same no matter the
rotational position of the rotor. Over the years airfoil shapes specifically for wind turbines
have been developed. In the early years of wind turbine development, airfoils used by
helicopters and those used on fixed wing aircraft were used. This provided poor wind
turbine rotor performance compared to the airfoil shapes that have been specifically
designed for wind turbines in recent years. Airfoil shapes have to be chosen by a trial and
error procedure or chosen based on experience. For the large present-day turbines, several
airfoil types can be used along the length of one blade. In this work three different airfoil
shapes along a blade are used. Once an airfoil shape is chosen, or a number of airfoil shapes
are chosen, the chord length and pitch angle of the blades must be determined. Detailed
analysis procedures have been developed to do this. The procedure used in this work is
described in Chapter 5.
There are a number of criteria that can be used to control the design of a wind
turbine. Three of these criteria are: maximum power production at one particular wind
speed, maximum energy production over a period of time at a certain location, or lowest
cost energy production at a particular site [55]. The last two of these design criteria require
that wind turbine operation at many wind speeds be simulated and the power produced be
integrated over the chosen time frame to give energy. This must be done for several blade
configurations. A monetary value can then be applied to this produced energy and to the
cost to build and operate the wind turbine; and then a net cost of electrical power produced
ascertained. The first of the design criteria listed above is the easiest to apply and it is where
this thesis work is focused. Designing for maximum power production at one representative
wind speed leads to a direct design procedure. A widely used method for carrying out this
design procedure is BEM theory [2].
An example of using BEM theory to design blades is the work of Hassanzadeh et
al. [56]. Hassanzadeh et al. used a combination of calculation codes based on BEM theory
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and a genetic optimization algorithm to analyze a HAWT. The distribution of chord and
twist angle are optimized to increase the annual energy production. The lift-drag
coefficients with respect to angle of attack of a S809 airfoil were obtained from a study
done by Delft University of Technology for angles of attack below stall and the Viterna
Equations [57] were used for angles of attack between the stall angle and 1800 [58].
Aravind Kumar [59] used BEM theory to shape a NACA 4420 airfoil for a 1.5 m
radius rotor suitable for producing 2 kW of power. Then Aravind Kumar studied the
addition of a winglet at the end of the blade. The design of the rotor was done using ProE
and computational simulation done using ANSYS software. The results of the design study
were presented in graphical form for different conditions and the researchers concluded
that the power output increases by 2.01% with the presence of a winglet. The winglet blade
also displayed a reduction in noise of 25% in the winglet region. Similar work involving
winglets at the tip of the blades has also been done by Manikandan and Stalin [60] with a
NACA 63-215 airfoil.
Derakhshan et al. [61] simulated the flow field around a wind turbine blade using
computational fluid dynamics (CFD) and BEM theory, whose results were validated by
comparing with the case study of the NREL Phase VI rotor used in many other papers for
validation purposes. The optimum blade shape was run through an optimizing algorithm
based on the artificial bee colony method coupled with artificial neural networks. The
parameters such as chord, twist angle and blade pitch were evaluated with different values
until the best power output was obtained. The results from this study show an increase in
power of 8.58% when the rotor is designed using these optimizing methods.
For small wind turbines, self-starting is required and hence good design is needed
to make up for the poor starting performance. Clifton-Smith and Wood [62] used a
numerical method of differential evolution to maximize power and improve starting
performance for a 5-kW wind turbine blade. The main disadvantage of the Clifton-Smith
and Wood analysis is that vicious drag had to be approximated. BEM theory was used to
determine the power coefficient and a modified version of BEM theory was used for
determining the starting time. The chord, twist, and tip speed ratios were the controlling
parameters in this analysis where different values were tested to get the maximum power
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output. It was shown that the starting times for the blade improved by a factor of 20 with a
small reduction of the power coefficient.

3.3. Rotor Analysis
There are a good number of papers that have been published that perform rotor
analysis. Many of these papers survey one or more of the parameters of a wind turbine
rotor that affect performance. Others seek to produce wind turbine performance curves for
a given rotor design. For the most part, rotor analysis is done using BEM theory or a
detailed CFD calculation. Some investigators have written their own computer codes to do
the analysis and others have used commercial or freeware computer codes to perform their
analysis. A few of the wind turbine rotor analysis papers found are discussed below.
Sedaghat et al. [63] studied a rotor with a continuously variable speed using the
BEM method. The BEM theory is applied to obtain generalized quadratic equations for
axial and angular induction factors as a function of drag to lift ratios and blade speed ratios.
The blade design is optimized for maximum power coefficient by calculating at different
design tip speed ratios and drag-lift ratios. Their work also demonstrates that power
coefficients of variable speed turbines result in higher power coefficients as compared to
conventional wind turbines operating at a constant speed. Power coefficients from
Sedaghat et al’s. publication are shown in Figure 13. The parameter 𝜀 in this figure is the
ratio of the drag coefficient to the lift coefficient. The higher 𝜀, the higher the drag.
Cuerva-Tejero et al. [64] did a case study of a rotor for maximum power
performance for a range of values of tip speed ratio and pitch angle operating in yawed
conditions. A model based on BEM theory for a yawed rotor is applied to get axial and
tangential induction factors, acting forces on the blade, and the dimensionless coefficients
to determine the power coefficient of the wind turbine. This model included PrandtlGlauert root-tip losses and rotational augmentation effects. Their results were validated
with experimental data from the NREL-UAE [65] wind turbine rotor. Cuerva-Tejero et al’s
rotor was designed and analyzed for maximum power yield for different values of yaw
angles with the corresponding values of tip speed ratio and blade pitch. Their study showed
comparisons between the maximum power coefficients for yawed and unyawed cases. It
was shown that the yawed conditioned resulted in a 10% power coefficient gain for yaw
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angles of 30o. Similar work analyzing a rotor in a yawed condition is given in references
[66] and [67].

Figure 13: Total power coefficients versus the tip speed ratio at different
values of drag to lift ratios, 𝜀 [63].

A numerical study by Pandey et al. [68] shows the effect of blade pitch angle on
the performance characteristics of a S809 airfoil on a 2 bladed, 10 m radius rotor spinning
at 72 rpm, with incoming wind speeds of 7 m/s, 15.1 m/s, and 25.1 m/s. The results based
on a wind speed of 7 m/s are discussed here; and the reader is encouraged to go through
the paper to see the results of the other two wind speeds. Figure 14 shows how the thrust
coefficient increases as the pitch angle increases till stall is reached; and after that, it
decreases as the pitch angle increases. At a pitch angel of 5o the value of CT is maximum
and becomes negative at pitch angles of -10o and 20o. The power trend shown in Figure 15
is the same as the CT trend.
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.
Figure 14: Thrust coefficient versus pitch angle at different radial
locations [68].

Figure 15: Power versus pitch angle at different radial locations for a
wind speed of 7 m/s [68].
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There were other researchers who studied the effects of pitch angle on the
performance of a HAWT. Mo and Lee [69] used CFD codes to simulate small wind turbines
using an NREL Phase VI rotor with a constant global pitch of 5o exposed to wind speeds
between 7 and 25 m/s. Li et al. [70] studied performance of a full-scale, NREL Phase VI
wind turbine rotor with pitch angles from -15o to 40o with a fixed 15 m/s wind speed and a
fixed 3o pitch angle with wind speeds of 5, 10, 15 and 25 m/s. The results of these studies
showed that there is no monotonic trend of power increase with an increase in pitch angle,
but rather, for a given wind speed, there is an optimum angle which gives maximum power.
Hassanzadeh et al. [56] used a combination of calculation codes based on BEM
theory and a genetic algorithm optimization model to analyze a HAWT. The distribution
of chord and twist angle are optimized to improve the performance, thereby the annual
energy production. The lift-drag coefficients with respect to angle of attack of a S809 airfoil
were obtained from a study done by Delft University of Technology below stall. The
Viterna Equations [57] were used for angles of attack between stall and 180o where the
dimensionless coefficients were approximated using flat plate values [58]. The results from
the computer codes were substantiated by comparing with the experiment done by
Lindenburg [65] using the UAE Phase VI wind turbine. The UAE Phase VI wind turbine
rotor has two blades, a 10 m diameter, a constant pitch angle of 3o, is stall regulated, and
rotates at 72 rpm. Figure 16 and Figure 17 show the results of Hassanzadeh et al. and
Lindenburg comparisons, and demonstrate the accuracy of Hassanzadeh et al.’s model.
These two figures also show the differences in curve shapes between the power coefficient
and the actual power when plotted versus wind speed. The results in Figure 16 convey the
same information as the results in Figure 17; one is simply presented in an appropriate
nondimensional manner, while the other is presented in a dimensional form.
Akhil Reddy et al. [71] did a study on design and analysis of a wind turbine rotor
operating with a variable speed and fixed pitch. The blade design and power output
calculations for this work were done for different types of airfoils using the QBlade
software. The software QBlade uses BEM theory.
Irshadhussain et al. [72] did CFD work on the aerodynamic performance of a rotor
that consisted of a NACA 4420 airfoil, where the lift and drag forces were calculated at
different blade sections for angles of attack from 0 to 20 degrees for low Reynolds numbers.
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The analysis showed that the angle of attack at 6 degrees had the highest lift-to-drag ratio,
which is an important parameter for good wind turbine rotor design.

Figure 16: Experimentally and computationally determined power
coefficients for the UAE NREL Phase VI wind turbine rotor [56].

Figure 17: Experimentally and computationally determined power for
the UAE NREL Phase VI wind turbine rotor [56].
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Chapter 4. Wind Resource Analysis

Before the amount of energy produced by a wind turbine, at a specific site, over a
specified time period can be determined, the wind resource at a particular location must be
known. Of course, it is not possible to predict exactly what the wind is going to be at a
specific location, at a specific time in the future; but wind measurements made in the past
can be used to represent how the wind will behave in the future, at least on average. This
is what is done when doing an analysis of wind turbines; representative values of what the
wind does at a specific site in the future, are determined from wind measurements made in
the past. This data has been collected by a number of organizations such as the
WINDExchange [73], the Global Wind Atlas [74], the WIND Tool kit [75], and many
more. These organizations have placed their data on the web, either for purchase or for
free. The data sets available without cost are limited, but NREL (National Renewable
Energy Lab) [76] allows their data to be accessed for free and this is the data used in this
thesis. This data set will be described in detail in the section below.
As discussed in Chapter 2 there are three techniques for analyzing and quantifying
the wind resource. These are the direct use of measured data method, the method of bins,
and the analytical statistical method. In this work, the measured data is directly used, but it
is organized into bins. This means time averaged and time integrated quantities for the
wind resource, such as the average wind speed and the yearly energy, are determined using
the bin technique. Because the frequencies of occurrence of wind speeds within each wind
speed bin are obtained directly from the measured data, no loss of accuracy is incurred by
the step of determining bin frequencies. Where some loss of accuracy is encountered in the
transition from the direct use of data method to the bin method, is in the size of the velocity
bin chosen. In this work, a 1 m/s width velocity bin is used; however, other sizes can be
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used. The reason for manipulating the measured data into bins is that this is the way the
rotor calculations are performed. It seems reasonable to do the wind resource calculations
at the same level of wind speed interval discretization as the rotor analysis calculations.
Very little difference in final results is incurred by switching from the direct use of
measured data method to the bin method. It must also be remembered that measured wind
data is statistical in nature and gives good average representation of what will occur, but is
not precise information for a specific time in the future.

4.1. Data Set
For this work wind data is obtained from the NREL’s WIND Toolkit (Wind
Integration National Dataset) [76] which provides a wind resource data set, a wind forecast
data set, and wind power production and forecast data set derived from the Weather
Research and Forecasting (WRF) numerical weather prediction model. The wind resource
data was generated on a 2 km by 2 km grid with a 20-m resolution from the ground to
160 m above the ground. This data set includes meteorological and power data every 5
minutes, for more than 126,000 sites (112,471 land-based sites and 14,221 offshore sites)
in the continental United States for the years 2007–2013. The meteorological data set
includes parameters such as wind profiles, atmospheric stability, and solar radiation data.
The sites for which data is available are shown as red dots in Figure 18. The site selection
methodology includes locations at which wind farms already exist, likely future locations
of wind farms, and previous Western Wind and Solar Integration Study (WWSIS) and
Eastern Wind Integration and Transmission Study (EWITS) locations. More about WWSIS
and EWITS can be found on the NREL website.
The accuracy of information provided by this toolkit is validated based on statistical
analyses of wind speed using error metrics such as bias, root mean squared error, centered
root mean squared error, mean absolute error, and percent error. A validation code written
in the R language is provided to allow users to validate data at their own locations and the
R-script is given in reference [77]. Users are recommended to revalidate data for any other
application or location. The Wind Toolkit has been funded by the United States Department
of Energy, Office of Energy Efficiency and Renewable Energy, and Wind and Water Power
Technologies Office. The Wind Toolkit was created through the collaborative efforts of
42

NREL and 3TIER. For the purpose of this work, the wind speed data given in 5 minute
increments at an elevation of 100 meters for Eaton, Ohio is used.

Figure 18: Wind resource map from NREL WIND Tool kit [75].

4.2. Wind Speeds at Different Elevations
Because tabulated wind speed data is only given at certain elevations, a method of
estimating the wind speed at other elevations is required. As discussed earlier there are two
techniques for doing this. In this work, the log law is used as given in Equation (3) and
restated here for completeness,
𝑧
𝑙𝑛 (𝑧 )
𝑈(𝑧)
𝑜
=
,
𝑧
𝑈(𝑧𝑟 ) 𝑙𝑛 ( 𝑟 )
𝑧𝑜

(22)

where 𝑧𝑜 is the approximate surface roughness length for a given terrain types. Some values
of the surface roughness parameters are given in Section 2.1.1. In this work, Equation (22)
is used to convert the 100 m data obtained from the NREL data set to an elevation of 70 m,
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which is the elevation of the results presented in Chapter 7 of this thesis. The log law
produces good results for elevations up to 200 meters above the surface of the earth. This
is more than sufficient for wind turbine work done here. While there is one wind turbine
with a hub height taller than 220 m, the Vestas V164-8 MW wind turbine which has a hub
height of 220 meters [78], most wind turbine towers at this time are in or below the 100 m
range [79].

4.3. Conversion from Direct Measured Data to Bins
Once the wind speeds at the desired elevation as a function of time are obtained,
the next step is to bin this wind speed data. In essence, this means finding the number of
measured wind speeds that fall within a given wind speed range. This range is the bin size.
The software MATLAB provides a subroutine called ‘hist’ that will bin data, determine
bin frequencies, and plot a histogram. This subroutine was used in this work. A histogram
of the wind data used in this work is shown in Chapter 7.
As a check on this method of binning the wind speeds, the frequencies for each bin
should be added and seen to equal the total number of data points, 𝑁𝑃 ,
𝑁𝐵

𝑁𝑃 = ∑ 𝑓𝑗 ,

(23)

𝑗=1

where 𝑁𝐵 is the number of bins with frequencies in each bin of 𝑓𝑖 . In addition, a histogram
of the bins can be plotted providing an easy way to see the distribution of the wind speeds.
This histogram also shows whether the wind speed distribution is Weibull in shape (see
Figure 5). A Weibull distribution is typical for wind speed data over long time periods.

4.4. Statistical Quantities Describing Data Set
There are a number of single numbers that can be used to describe the wind
distribution. For example, the average wind speed and the standard deviation of the wind
speeds around this average are very informative. The cube root of the average of the wind
speed cubed is also informative because this is the appropriate wind speed upon which the
power and energy in the wind is based. Of course, the average power and energy in the
wind for a given time period are useful.
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The average wind speed is determined from
𝑁𝐵

1
̅ = ∑ 𝑈𝑗 𝑓𝑗
𝑈
𝑁

(24)

𝑗=1

and the standard deviation is determined from
𝑁𝐵

1
̅)2 𝑓𝑗 .
𝜎𝑈 = √
∑(𝑈𝑗 − 𝑈
𝑁−1

(25)

𝑗=1

Note that the average velocity needs to be determined before the standard deviation can be
determined. If the variance of the wind speeds is desired, the standard deviation can simply
be squared.
In regard to determining the power density in the wind, we know from Chapter 2
that the power in the wind is proportional to the wind speed cubed. Thus, to calculate the
correct average power in the wind the following equation is used,
𝑁𝐵

𝑃̅ 1 1
= 𝜌 ∑ 𝑈𝑗3 𝑓𝑗 ,
𝐴 2 𝑁

(26)

𝑗=1

where the time increment Δ𝑡 for each measured data point is assumed to be the same. This
is the reason Δ𝑡 does not appear in Equation (26). For the data used in this work this time
period is 5 minutes. The power density is the power per unit flow area. This is a good single
number for quantifying the power content of the wind at a location of interest over a time
period of interest. If it is desired to know the average wind speed for the velocity cubed,
that can be determined as
1/3

𝑁𝐵

1
̅̅
𝑈̅𝑝̅ = [ ∑ 𝑈𝑗3 𝑓𝑗 ]
𝑁

,

(27)

𝑗=1

where the subscript 𝑝 indicates that this is the correct average velocity to use for average
power. In fact, the power density can now be written as
𝑃̅ 1
̅̅̅̅𝑝 3 .
= 𝜌𝑈
𝐴 2
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(28)

A very useful integrated quantity that can be obtained from the fundamental wind
data using the bin method is the energy density in the wind over a given period of time.
This is determined from
𝑁𝐵

𝐸 1
= 𝜌Δ𝑡 ∑ 𝑈𝑗3 𝑓𝑗
𝐴 2

(29)

𝑗=1

or it can be determined from the average power density value as
𝐸 𝑃̅
(30)
= 𝑁Δ𝑡 .
𝐴 𝐴
The energy density in the wind over a period of time indicates what energy is available for
the wind turbine to tap. If this number is small over the course of a year, then it probably
does not make sense to place a wind turbine at this location.

4.5. Distribution Curves Describing Wind Resource
Two plots of the wind data that are useful for understanding the wind resource at a
given location are the speed duration curve and the power duration curve. Both of these
curves are cumulative in nature and are usually plotted versus the number of hours. The
speed duration curve shows the number of hours in a year that the wind speed is above the
value on the vertical axis. The power duration curve shows the number of hours that the
power in the wind is above a particular power. Both of these curves can be plotted versus
the fraction or percent time that that the wind speed or the wind power is above a certain
value. Both of these curves will be shown in Chapter 7 for the wind data used in this work.
To produce the wind speed duration curves, the bin wind speeds are multiplied by
their respective frequency of occurrence. This is 𝑈𝑗 𝑓𝑗 . This quantity is then multiplied by
the data acquisition time increment, 5 mins in our case, to get the total time this wind speed
occurs, 𝑈𝑗 𝑓𝑗 Δ𝑡. To get the total time that the wind speed is at or below this wind speed, 𝑈𝑗 ,
𝑗

all 𝑈𝑗 𝑓𝑗 Δ𝑡 with wind speeds below 𝑈𝑗 are summed using ∑𝑘=1 𝑈𝑘 𝑓𝑘 Δ𝑡. This quantity is the
cumulative time the wind is at or below a particular wind speed. This calculation is
performed at every binned wind speed providing the required quantities for a cumulative
wind speed graph. On the cumulative wind speed graph, the wind speed is on the vertical
axis and the number of hours in a year for which the wind speed equals or exceeds a
particular value is on the horizontal axis.
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Once the speed duration curve has been obtained, it is easy to obtain the power
duration curve. The power duration curve is simply obtained by cubing the wind speeds of
the speed duration curve and multiplying by the air density divided by 2. This simply
converts the wind speeds to powers which will have the same number of cumulative hours.
Wind speed and power duration curves for Eaton, Ohio are shown in Chapter 7.
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Chapter 5. Rotor Design

The part of a wind turbine that extracts linear kinetic energy from the wind and
converts it to rotational kinetic energy of a shaft that can be used to drive an electric
generator is the rotor. Good aerodynamic rotor design is essential for efficient wind turbine
operation. This is what is discussed in this chapter. Even though wind turbine blades must
be designed to be structurally sturdy to have long operational life, this issue is not addressed
in this thesis. The work in this thesis is focused on the aerodynamics of wind turbine rotors.
It is fully understood that there are many other issues with rotors that need to be considered,
these topics are reserved for others.

5.1. Design Choices for Rotor Diameter, Number of Blades,
and Rotational Speed
There are three operational design choices that need to be made in the computer
model developed as part of this work to carry out the design of the rotor’s blades. These
three choices are: 1) diameter of rotor, 2) number of blades, and 3) rotational speed of the
rotor. The computer model developed for this thesis work handles all of these design
choices as inputs and thus the user has control over these quantities. This also means that
this computer tool can be used to study the effect of rotor diameter, number of blades, and
rotor rotational speed. All three of these rotor design variables are important.
The size of the rotor diameter is the primary design variable that determines the
power the wind turbine will produce. Before starting the design process, a rough estimate
of the wind turbine diameter can be obtained from Equation (1), which provides the power
available in the wind, multiplied by some appropriate power coefficient
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1
𝑃𝑤 = 𝐶𝑃 𝜌𝐴𝑈 3 .
2

(31)

This can be solved for rotor diameter as
2𝑃𝑤 1/2
𝐷=[
] .
𝐶𝑃 𝜋𝑈 3

(32)

The choice that remains to be made in this equation is the power extraction efficiency of
the wind turbine rotor. This will not be known until the rotor has been designed. This leads
to an iterative process for picking the diameter of the rotor. However, a first estimate of the
rotor power coefficient can be made based on the history of wind turbine design. The author
believes a good first estimate is 45% [28]. Of course, this estimate has to be below the Betz
limit of 59.26%. The value chosen for the wind speed in the above equation can be the
maximum allowable wind speed of operation or some suitable average such as that given
in Equation (27).
Many times, the power output of the turbine is not the major factor determining the
rotor diameter. Since power goals can be met by installing more than one turbine at a site,
many small wind turbines can be implemented to meet any requirement for power. It is felt
that the two largest factors determining rotor diameter are cost and strength considerations.
The present trend in rotor design is to make rotor diameters as large as possible. Thus, wind
turbines with rotor diameters larger than 100 meters are the current trend. In general, the
larger the diameter the smaller the levelized cost of the electric power produced by the
wind turbine [80]. At these diameters, blade strength and flexibility become significant
issues. In addition, larger rotors require taller wind turbine towers. These taller towers are
considerably more expensive, but have the nice advantage of putting the rotor at a higher
elevation. At higher elevations, the winds are steadier and faster resulting in more available
wind power. Even though individual wind turbine costs increase significantly with size, so
does the power output. History has shown that larger wind turbines deliver electrical power
at a lower levelized cost. In this work, the wind turbine diameter is simply taken as an
input. The user is responsible for the criteria used in this choice.
Another choice made in rotor design is the number of blades. As discussed in the
literature review, wind turbines with 1, 2, 3, 4, 5 or even more blades have been designed
and built. At the present time three blades tend to be the choice of almost all wind turbine
manufactures. Three blades seem to be a good compromise between cost and rotor
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rotational speed. In addition, three blades reduce blade vibration when the wind turbine
yaws. In this work, the number of blades on the rotor is taken as an input and the designer
can do surveys of the number of blades to see how this parameter affects performance.
A third choice that needs to be dictated in rotor design is the rotational speed of the
rotor. The rotational speed of the rotor is dependent on the generator and gear box
implemented on the wind turbine. Two types of generators are used on wind turbines:
synchronous generators and asynchronous generators. While synchronous generators
require the rotor inside the generator to spin at the synchronous speed of the generator,
asynchronous generators have the rotor spin at a speed slightly different than the
synchronous speed of the generator. Since an asynchronous generator’s rotational speed
only differs slightly from the synchronous speed, the synchronous speed is a good place to
start the discussion of the rotational speed of a wind turbine rotor. It is the wind turbine
rotor that ultimately rotates the generator rotor. The synchronous speed for a generator, 𝑛𝑠 ,
in revolutions per minute is determined from
𝑛𝑠 =

60𝑓
,
𝑃/2

(33)

where 𝑓 is the frequency of the electric power on the grid and 𝑃 is the number of magnetic
poles designed into the generator.
For the United Stated, the frequency of the electric current on the grid is 60 hertz.
If a 2-pole generator is utilized than the rotational speed of the generator rotor should be
about 3600 rpm. No wind turbine rotor can spin at this speed, thus the reason for using a
gear box between the wind turbine rotor and the generator rotor. Almost any gear ratio is
possible with a large enough gear box. Thus, the rotational speed of the rotor can be brought
down to a reasonable speed based on the aerodynamics of the problem. Typical wind
turbine rotor speeds are from 5 to 40 rpm. Just like the rotor diameter and the number of
blades, the wind turbine rotational speed is left as an input that the user can survey.

5.2. Choice of Airfoil
Since 1984, NREL has listed seven airfoil families consisting of 23 airfoils that
have been designed for various size rotors [81]. The recommended blade length and
generator size for each airfoil family, along with the corresponding airfoils comprising
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each family from blade root to blade tip, are shown in Table 3. As mentioned above in the
literature survey, there are other researchers who have done work on airfoil families.
These seven airfoil families have been designed for various rotor sizes using the
Eppler Airfoil Design and Analysis code. Over the past decades, commonly used airfoil
families displayed performance degradation due to surface roughness caused by leadingedge contamination. These new NREL airfoil families have been improved to remove
sensitivity to roughness effects and maintain maximum lift coefficients. These airfoil
families address the need of stall-regulated, variable-pitch, and variable-rpm wind turbine
rotors. For stall-regulated rotors to achieve better peak power control, the tip of the airfoils
are designed to restrain the lift coefficient which allows the use of more swept disc area for
a given generator size. For variable-pitch and variable-rpm rotors, the tip airfoils are
designed with a low thickness resulting in lighter weight blades with low solidity. This
helps pitch controlled blades to encounter less drag and allows the blades to have high
maximum lift coefficients. Annual energy improvements from the NREL airfoil families
are projected to be 23% to 35% for stall-regulated turbines, 8% to 20% for variable-pitch
turbines, and 8% to 10% for variable-rpm turbines. More information on each of the airfoils
can be found in reference [81].
Table 3 points out that different airfoils should be used for different parts of the
blade. This is especially true for large diameter rotors where the blades become long and
there is a large variation in the relative wind angle from the root location to the tip location
on the blade. There is also a large change in the relative wind speed from the root of the
blade to the tip of the blade. The performance characteristics of a wind turbine blade are
not constant along its length, but vary from the blade root to the blade tip. To have an
aerodynamically effective blade it becomes necessary to use different types of airfoils at
different locations along the blade. As Table 3 shows, NREL recommends at least two
types of airfoils for the shortest blade lengths listed, and three or four airfoil types for the
longer blade lengths listed. The section of the blade close to the hub is called the blade root
segment and the section of the blade towards the tip is called the blade tip segment. The
middle section of the blade is called the primary segment of the blade. In this work three
types of airfoils are utilized on every blade; and thus there are root, primary, and tip sections
to each blade.
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Table 3: NREL airfoil families [76].

The airfoils used in this work are the NREL S-series airfoils, S818, S816, and S817
for the root, primary, and tip segments of the blades, respectively. These blades produce
high lift which is required for good wind turbine rotor performance. This airfoil family was
designed in 1992 for extra-large blades for turbines rated from 400 to 1000 kW, and have
stall-regulated rotors. The thickness of the root, primary, and tip airfoils are 24%, 21% and
16% of the chord length, respectively [76]. Figure 19 shows the shape, the maximum
thickness and its location on the blade, the maximum and minimum lift and drag
coefficients, and the design Reynolds number.
Wind turbine rotors are designed with one or more airfoil types, but sometimes only
one airfoil type is used. Some of the work of other researchers shown in the literature
review section of this thesis showed one type of airfoil used for the entire blade length. As
will be discussed in Chapter 7, a single type of airfoil was attempted for the 20 m long
blades analyzed in this thesis. This did not work well, and it was decided that more than
one airfoil was required for a 20 meter long blade.

Root, Primary, and Tip Sections of Blades
Some recommendations for the portion of a wind turbine blade that should be the
root, the primary and tip are:
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Root section: The root section of the blade starts somewhere close to the
hub and ends at radial locations from 20% to 50% of the rotor radius.
Primary section: The primary section of the blade runs from 50 to 80% of
the rotor radius.
Tip section: The tip section of the blade runs from 80 to 100% of the rotor
radius.
The radial location where the root begins, the radial location where the root gives way to
the primary section of the blade, and the radial location where the primary section of the
blade gives way to the tip section of the blade are not fixed but different for different
airfoils. The locations given above are just recommendations. To find the optimum radial
locations of where these airfoils change from one to another, the overall rotor is put through
aerodynamic and structural optimization routines to see how they affect the energy
production and the strength of the rotor.

Figure 19: Shape and design specifications for the airfoils S818, S816,
and S817 [76].
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Michael S. Selig and Kyle K. Wetzel from the Enron Wind Energy Systems
Company [82] carried out studies on wind turbine airfoils at four different radial locations
on a rotor. The first station ran from 25 to 30% of the rotor radius, the second station ran
from 55 to 60% of the rotor radius, the third station ran from 75 to 80% of the rotor radius,
and fourth station ran from 90 to 95% of the rotor radius. For the first part of this study,
the design lift coefficient was prescribed to be 1.05 and the airfoil thickness varied for each
of the four radial stations. The airfoil thickness to chord ratio was taken as 0.27 for station
one, 0.21 for station two, 0.16 for station three, and 0.12 for station four. The second part
of this study kept the airfoil thickness at each radial station fixed and the design lift
coefficient was allowed to vary. From this study, a baseline case has been developed
representing a best-case scenario in terms of maximizing energy capture as it uses higherlift airfoils.
For the work carried out in this thesis, the radial locations suggested by Tangler and
Somers [81] for obtaining the design blade speed ratio for the root, primary, and tip sections
of the blades are used. For the root section this parameter is obtained at 45% of the rotor
radius, the primary section of the blade uses 75% of the rotor radius, and the tip section the
blade uses 95% of the rotor radius. The length of each section of the blade for the 20 m
radius rotor studied in this thesis are from 4 to 12 m for the root section, from 12 to 18 m
for the primary section, and from 18 to 20 m for the tip section. While these divisions were
used for most of the results presented in Chapter 7, there are results presented where these
locations are altered to understand their effect on the ability of the designed rotor to extract
power from the wind.

5.3. Lift and Drag Coefficients
The lift and drag coefficients of each of the chosen airfoils as a function of angle
of attack for different Reynolds numbers were obtained using the software QBlade [83].
QBlade is an open source code for wind turbine calculations, distributed under a general
public license which is maintained and continuously updated by the Hermann Fottinger
Institute of Technischen Universität of Berlin. QBlade uses the XFOIL/XFLR5
functionality [84] to obtain lift and drag coefficients, the results that are of interest for
this thesis work. In this work, we solely make use of the lift and drag coefficients from
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QBlade and none of its other functionality. Lift and drag coefficients come from the
XFOIL/XFLR5 portion of the software QBlade.
To obtain the lift and drag coefficients from QBlade, airfoil shapes are required. A
S818 airfoil profile is shown in Figure 20 where the horizontal axis is in percent of the
chord length and the vertical axis is in fractions of a chord length. The S817, S816, and
S818 airfoils profiles used in this work are fed into the QBlade software, to produce lift
and drag coefficients. The design Reynolds number for each section of blade are
2,500,000 for the tip airfoil S817, 4,000,000 for the primary airfoil S816, and 300,000
for the root airfoil S818. QBlade should produce lift and drag coefficients for any angle
of attack, but this is not what happened. For very low and high angles of attack, QBlade
was unable to produce results. It was also observed that some of the results for angles of
attack larger than the stall condition, the lift and drag coefficients showed erratic
behavior. For this reason, the Viterna equations [83] were used to get lift and drag
coefficients for angles of attack above stall. For the most part, lift and drag coefficients
at large negative angles of attack are not required.

Figure 20: S818 airfoil profile [86].

The Viterna equations are used to extrapolate lift and drag coefficient results from
the stall angle of attack up to an angle of attack of 90 degrees. The main two equations
for extrapolating the lift and drag coefficients are
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And

𝑐𝑜𝑠 2 𝛼
𝐶𝐿 = 𝐴1 𝑠𝑖𝑛 2𝛼 + 𝐴2
𝑠𝑖𝑛 𝛼

(34)

𝐶𝐷 = 𝐵1 𝑠𝑖𝑛2 𝛼 + 𝐵2 𝑐𝑜𝑠𝛼.

(35)

In these two equations the coefficients 𝐴1 , 𝐴2 , 𝐵1, and 𝐵2 need to be determined and the
quantity 𝛼 is the angle of attack. The first of these four coefficients that should be
determined is 𝐵1 . The coefficient 𝐵1 is determined from the aspect ratio, (AR), of the airfoil
as
𝐵1 = 1.11 + 0.018 (𝐴𝑅).

(36)

For these calculations, the aspect ratio is taken as the radius of the rotor divided by the
chord length of the airfoil. The chord length for these calculation is determined from the
Reynolds number as
𝑐=

𝜇𝑅𝑒
𝜌𝑈

(37)

where the wind speed is determined from the design blade tip speed ratio. For a general
lift and drag coefficient extrapolation, this aspect ratio can be taken as 10. The choice of
aspect ratio is not critical to the results determined by the Viterna equations. The
remaining coefficients are determined as
𝐶𝐷,𝑠𝑡𝑎𝑙𝑙 − 𝐵1 𝑠𝑖𝑛2 𝛼𝑠𝑡𝑎𝑙𝑙
𝐵2 =
,
𝑐𝑜𝑠𝛼𝑠𝑡𝑎𝑙𝑙

(38)

𝐴1 = 𝐵1 /2 ,

(39)

𝐴2 = (𝐶𝐿,𝑠𝑡𝑎𝑙𝑙 − 𝐵1 𝑠𝑖𝑛𝛼𝑠𝑡𝑎𝑙𝑙 𝑐𝑜𝑠𝛼𝑠𝑡𝑎𝑙𝑙 )

And

𝑠𝑖𝑛𝛼𝑠𝑡𝑎𝑙𝑙
,
𝑐𝑜𝑠 2 𝛼𝑠𝑡𝑎𝑙𝑙

(40)

where the extrapolative nature of these equations can be seen by the use of the lift
coefficient from QBlade at stall, 𝐶𝐿,𝑠𝑡𝑎𝑙𝑙 , and the drag coefficient from QBlade at stall,
𝐶𝐷,𝑠𝑡𝑎𝑙𝑙 .
Lift and drag coefficients as a function of angle of attacks can also be obtained from
other methods such as wind tunnel testing [84] [85], CFD simulations, or using software
like COMSOL Multiphysics [86].

Design Angle of Attack
Having collected a range of lift and drag coefficients as a function of angle of attack,
the design angle of attack must be chosen. Since it is desired to maximize lift and reduce
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drag on the blades of a wind turbine, the design angle of attack is taken as the value where
the lift to drag coefficient ratio is the highest. This is generally in the 5 to 8 degree range.

5.4. Pitch Angle and Chord Length Determination
To determine the pitch angle and chord length as a function of radial location along
the blades, blade element momentum (BEM) theory is used. The general shape of each
blade segment (three are used in this work) has been chosen by picking a particular airfoil,
what is required for this airfoil is the chord length and the orientation of the airfoil relative
to the oncoming wind. This orientation is the pitch angle of the blade. Another way of
specifying the airfoil orientation is as a twist. These are important aspects of blade design.
Of the design methods discussed in Chapter 2, the technique utilized here is the one
that maximizes power and includes the effects of wake rotation. Each segment of the blade
undergoes its own design process using design choices best suited for that particular blade
segment. A general discussion of BEM was given in Chapter 2 and this section of this
thesis gives the implementation of this theory for the computer program developed for this
work.
As described in Chapter 2, BEM theory requires that each of the different air foil
segments of each blade be subdivided into many elements such that the relative wind speed
approaching the blade element is essentially constant across each element. The developed
computer model allows the user to choose the number of elements used. In general, five or
ten elements for each blade segment is sufficient, but this can be checked by simply
doubling the number of elements and checking whether the results change.
The design wind speed for each blade segment is based on the blade design tip
speed ratio which is
𝑈𝐷𝑒𝑠𝑖𝑔𝑛 =

𝛺𝑅
𝜆𝑑𝑒𝑠𝑖𝑔𝑛

(41)

where 𝜆𝑑𝑒𝑠𝑖𝑔𝑛 is the design blade tip speed ratio and 𝑅 is the radius of the tip of the blade
being designed. In general, blade tip speed ratios in the range from 3 to 7 are typical.
Ragheb [87] studied the optimum blade tip speed ratio for wind turbine rotors and came up
with the recommendation
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𝜆𝑑𝑒𝑠𝑖𝑔𝑛 =

4𝜋
,
𝐵

(42)

where 𝐵 is the number of blades. For a three bladed wind turbine, 4.19 is the optimum tip
speed ratio for design as recommended by Ragheb.
Once the design wind speed is determined, the speed ratio at the center and edges
of each blade element can be determined as
𝜆𝑟 =

𝛺𝑟
𝑈𝐷𝑒𝑠𝑖𝑔𝑛

,

(43)

where 𝑟 is the distance from the center of the rotor to the location on the particular blade
element of interest. Note that the blade speed ratio, 𝜆𝑟 , is a function of the radial location
while the design tip speed ratio, 𝜆𝑑𝑒𝑠𝑖𝑔𝑛 , is only a function of the tip radius of the blade.
The pitch of a particular element of a wind turbine blade is determined by
𝛳𝑃 = ф − 𝛼𝑑𝑒𝑠𝑖𝑔𝑛 ,

(44)

where ф is the angle at which the wind approaches the leading edge of the blade element
as viewed by an observer moving with the blade element. The relative wind angle is
determined with
ф=

2
1
𝑡𝑎𝑛−1 ( ) .
3
𝜆𝑟

(45)

This equation shows that the relative wind angle is solely a function of the blade speed
ratio as given by Equation (43). The quantity 𝛼𝑑𝑒𝑠𝑖𝑔𝑛 in Equation (44) is the airfoil angle
of attack that provides the highest lift to drag ratio. Technically the pitch angle is the angle
between the rotational plane of the rotor and the chord of the blade element. It represents
the amount the blade element is twisted out of the plane of rotation. Because each blade
element is located at a different radial location, each blade element is twisted from the
plane of rotation by a different amount. This is the reason wind turbine blades are twisted.
Another way to describe the orientation of the blade elements is with a quantity called the
twist. The twist is nothing more than the pitch of the blade element relative to the pitch of
the blade element at the very tip of the rotor,
𝛳𝑇 = 𝛳𝑝 − 𝛳𝑝,0 ,
where 𝛳𝑝,0 is the blade pitch at the tip.
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(46)

The other critical blade design quantity required is the chord. The chord length of
a blade element is
𝑐=

8𝜋𝑟
(1 − cos ф ) ,
𝐵𝐶𝑙 𝑑𝑒𝑠𝑖𝑔𝑛

(47)

where 𝐶𝑙 𝑑𝑒𝑠𝑖𝑔𝑛 is the lift coefficient at the design angle of attack. This equation gives the
chord length of each blade element. The designed chord lengths are usually at lower radial
locations and tend to shrink as the radial location of the blade element increases. It should
be noted that the blade drag coefficient is not directly used in the determination of the pitch
angle or the chord length. It does come in through the determination of the design angle of
attack, but there is no other influence once this angle of attack choice has been made.
Ignoring drag in the design process has been done to simplify the calculations. This is a
reasonable simplification if the drag coefficient is small relative to the lift coefficient.
Other parameters at the design point that are required in the off-design point rotor
analysis to be described in Chapter 6 are the axial induction factor and the angular induction
factor. At the design point the axial induction factor can be determined with
𝑎=

1
[1 + 4𝑠𝑖𝑛2 ф/(Ϭ′ 𝐶𝑙 cos ф)]

(48)

and the angular induction factor is determined with
𝑎′ =

1 − 3𝑎
.
4𝑎 − 1

(49)

Since the design procedure used in this work has optimum output power as its criteria, the
axial induction factor from Equation (48) should come out close to 1/3, the axial induction
factor obtained at the Betz limit. It will not be exactly 1/3 because wake rotation has been
included in the design method used here. Equation (49) provides a quantitative value for
the amount of this wake rotation. To get the Betz limit power, the angular induction factor
has to be zero. The only way for the angular induction factor to be zero, and still have the
rotor produce net power, is to have the rotational speed of the rotor to go to infinity. Of
course, this cannot be. A nonzero angular induction factor is a practical necessity in wind
turbine operation. It is the inclusion of wake rotation in this design procedure that keeps
Equation (48) from yielding a value of 1/3 and Equation (49) from yielding a value of zero.
If a very high torque turbine is desired, then the axial induction factor will be farther from
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1/3, and the angular induction factor will be farther from zero. Very high torque wind
turbine rotors are not desirable, because lower power coefficients result.
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Chapter 6. Rotor Analysis

Now that the blades of the wind turbine rotor are completely defined, it is possible
to produce a power curve for the designed rotor. A typical wind turbine power curve is
shown in Figure 12 and a similar curve can be produced for just the rotor. While the power
curve in Figure 12 includes losses in all parts of the turbine, the power curves produced as
part of this work only include the effects of the rotor.
A goal of this research work is to obtain the rotor power curve. This curve
represents the performance of the rotor over a range of wind speeds, which is necessary
information since wind turbines need to operate at many wind speeds. Rotor performance
is a primary limiter for overall wind turbine performance. From the rotor power curve, the
amount of energy a wind turbine rotor can extract from the wind at a certain location, over
a specified period of time, can be determined. Normally this time period is one year. This
energy extraction number is calculated by finding the rotor power extraction at the given
wind speed and multiplying this power by the time this wind speed prevails. Total energy
production of a given rotor, over a given time period, is also an objective of this work.
To obtain the goals of producing a rotor power curve and determining the amount
of energy extracted by a wind turbine rotor over a specified period of time, more
information about the performance of the wind turbine rotor than obtained in Chapter 5 is
required. In Chapter 5, only one wind speed was considered, what is needed is rotor
performance over a range of wind speeds. The process of obtaining the performance of a
specified rotor at many wind speeds is called rotor analysis in this work. It could have been
called off design point analysis as well. Doing off-design performance analysis is common
in the field of engineering. For wind turbine rotors, it turns out rotor analysis is much more
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difficult than rotor design. The technique required for rotor design was a direct solve, that
is one pass through the design equations shown in Chapter 5 was sufficient to obtain a
solution. In rotor analysis, a trial-and-error technique must be implemented, that is several
iterations of solving the equations is required before the correct answers are obtained. On
top of the trial-and-error solution, it turns out that certain situations are encountered where
a converged solution is difficult or impossible to obtain. This is especially true at the high
and low end of the wind speed range for the power curve.
When the rotor analysis routine fails to converge for a given element, for a given
wind speed, this is an indication that the designed blade is having trouble operating in the
power extraction mode for this particular blade element, for this particular wind speed. If
too many blade elements fail to converge, this is an indication that the cut-in or cut-out
speed of the designed wind turbine rotor need to be adjusted. The cut-in speed is the
minimum wind speed that a wind turbine will produce power and the cut-out speed is the
maximum wind speed at which a wind turbine can produce power without being damaged.
Neither one of these speeds can completely be determined by a rotor analysis, but normal
limits are in the 2 to 25 m/s range. If the rotor analysis dictates that these need to be
changed, this is done.

6.1. Axial and Angular Induction Factors
The trial-and-error portion of the rotor analysis consists of obtaining the axial and
angular induction factors for one element of the blade, for a given wind speed. Once this
operation has converged for one element of the blade, for one wind speed, the next blade
element for the same wind speed is undertaken. When all the blade elements for one wind
speed are completed, a new wind speed is undertaken. The rotor analysis method being
utilized in this thesis is that outlined by Manwell et al. [2]
The first step in this process is to make an educated guess of the axial induction
factor and the angular induction factor. In this work, the most recently calculated values of
the axial induction factor and the angular induction factor are used. For this reason,
different wind speeds are calculated going outwards from the design wind speed. The wind
speed increment just below the design wind speed is the first one for which analysis
calculations are undertaken. Axial induction factors and angular induction factors at the
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design speed for each element of the blade segment are passed to the analysis of the wind
speed just below the design wind speed.
Design axial and angular induction factors come from Equations (48) and (49)
respectively. When this wind speed interval has converged, the results for the axial and
angular induction factors for this wind speed are passed as initial guesses to the next lower
wind speed. This is continued until the lowest wind speed interval is reached. After the
lowest wind speed interval is converged the computer model goes to the wind speed
interval just above the design wind speed. The axial and the angular induction factors from
the design wind speed are passed to the next higher wind speed as initial guesses for the
iterative calculations that must be carried out at this wind speed. Once these iterative
calculations have converged, the required results are saved and the axial angular induction
factors from this wind speed are passed to the next higher wind speed as initial guesses.
This process is continued until all wind speeds have converged results; and the performance
information on all blade elements, for all desired wind speeds, has been obtained.
For each blade element, for each wind speed, the equations that need to be solved
are as follows. With the guessed values of the axial induction factor and the angular
induction factor the relative wind angle is obtained with
tan ф =

𝑈(1 − 𝑎)
1−𝑎
=
,
′
𝛺𝑟(1 − 𝑎 ) (1 + 𝑎′ )𝜆𝑟

(50)

where U is the wind speed at the middle of the wind increment currently being calculated
and 𝜆𝑟 is the speed ratio at the center of the element being calculated. Once the relative
wind angle is determined, the relative wind speed is found from
𝑈𝑅𝑒𝑙 =

2𝑈
.
3 sin ф

(51)

Also, determined from the relative wind angle is the tip loss factor. This factor accounts
for losses from the end of each element due to flow in the span wise direction. The formula
for the tip loss factor is
𝐵
𝑟
( 2 ) [1 − (𝑅 )]
2
𝐹 = ( ) 𝑐𝑜𝑠 −1 [exp (− {
})].
𝑟
П
(𝑅 ) sin ф
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(52)

At this point lift, 𝐶𝑙 , and drag, 𝐶𝑑 , coefficients must be determined. These
coefficients are a function of both the angle of attack and the Reynolds number. The angle
of attack is determined from
𝛼 = 𝛳𝑃 − ф ,

(53)

and the Reynolds number is based on the chord length and relative wind speed as
𝑅𝑒 =

𝑈𝑅𝑒𝑙 𝑐
.
𝜈

(54)

With these two quantities lift and drag coefficients can be interpolated in the tables of lift
and drag coefficients made using the QBlade software. The procedure for obtaining lift and
drag coefficients was discussed in detail in Section 5.2.
To determine the axial induction factor two different equations are required, one
for the conditions where one-dimensional momentum theory holds and one for the
turbulent wake state. The one-dimensional momentum state is applicable for thrust
coefficients
𝐶𝑇 =

Ϭ′(1 − 𝑎)2 (𝐶𝑙 cos ф + 𝐶𝑑 sin ф)
𝑠𝑖𝑛2 ф

(55)

from zero up to 0.96. The turbulent state is encountered for thrust coefficients from 0.96 to
2.0. For the one-dimensional momentum theory region, the axial induction factor is
𝑎=

1
,
4 𝐹 𝑠𝑖𝑛2 ф
[1 + ′
]
Ϭ 𝐶𝑙 cos ф

(56)

and for the turbulent wake state the axial induction factor is
1
𝑎 = ( ) [0.143 + √0.023 − 0.6427(0.889 − 𝐶𝑇 )].
𝐹

(57)

This relation comes from the work of Glauert [35]. It is seen from this equation that the
axial induction factor for the turbulent wake state is a function of the thrust coefficient and
the thrust coefficient (see Equation 55) is a function of the axial induction factor.
Once the axial induction factor is determined the angular induction factor can be
determined from
𝑎′ =

1
.
4 𝐹 cos ф
Ϭ′ 𝐶𝑙 cos ф
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(58)

At this point the calculated axial and angular induction factors should be compared
to the guessed axial and angular induction factors. If they are not within acceptable
tolerance limits, then Equations (50) through (58) are recalculated using the most recently
determined induction factors. This iteration procedure primarily results from the axial and
angular induction factors being a function of the relative wind angle (Equations 50 - 58)
and the lift coefficient. In turn, the relative wind angle is a function of the axial and angular
induction factors (Equation 50) and the lift coefficient is a function of the relative wind
angle. In addition, the lift and drag coefficients are in tabulated form. A trial and error
solution must be performed to solve Equations (50) through (58).

6.2. Power Produced
After solving Equations (50) through (58) for each blade element, for each wind
speed increment, for each blade segment, the power coefficient can be determined. The
power coefficient is determined using the equation
𝑁𝑒

𝐶𝑃 = ∑ (
𝑖=1

8∆𝜆𝑟,𝑖
) 𝐹𝑖 𝑠𝑖𝑛2 ф𝑖 (𝑐𝑜𝑠ф𝑖 − 𝜆𝑟,𝑖 sin ф𝑖 )(𝑠𝑖𝑛ф𝑖
2
𝜆
𝐶𝑑
− 𝜆𝑟,𝑖 cos ф𝑖 ) [1 − ] 𝜆𝑟,𝑖 2 ,
𝐶𝑙

(59)

where 𝑁𝑒 is the number of elements across the entire blade and 𝑖 indicates a particular
element. When the power is calculated, the summation goes from the most inboard blade
element on the most inboard blade segment, to the most outboard blade element on the
most outboard blade segment. In other words, from the hub of the rotor out to the blade tip.
The power coefficient determined by Equation (59) covers the entire blade and includes
the effects of all blades. In Equation (59) 𝜆 is the tip speed ratio for the very tip of the blade,
𝜆𝑟,𝑖 is the speed ratio at the center of the element indicated by 𝑖, and ∆𝜆𝑟,𝑖 is given by
∆𝜆𝑟,𝑖 = 𝜆𝑟,𝑖+1/2 − 𝜆𝑟,𝑖−1/2 .

(60)

where the 𝑖 + 1/2 and the 𝑖 − 1/2 indicate the edges of the blade element.
From the rotor power coefficient, the rotor power output at a given wind speed can
be determined with
1

𝑃𝑇 = 𝐶𝑝 2 𝜌𝐴𝑈 3 .
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(61)

In Equation (61), the power coefficient needs to be determined at the wind speed 𝑈. To
produce the power curve, Equation (61) is evaluated at wind speeds from the cut-in to the
cut-out speeds. This can most easily be done if wind speed increments the same as used for
𝐶𝑝 are utilized. This is what is done in this work where 𝑈 for each wind speed bin is taken
at the center of the bin. These powers are then plotted against wind speed.

6.3. Energy
Energy is obtained by integrating the instantaneous power produced by the wind
turbine over a specified period of time. Since finite size bins are used for wind speed and
power in this work, the integration is replaced with a summation
𝑁𝐵

𝐸𝑇 = ∆𝑡 ∑ 𝑃𝑇 (𝑈𝑗 )𝑓𝑗 .

(62)

𝑗=1

The energy, 𝐸𝑇 , determined from this equation is the energy produced by the specified
wind turbine rotor, at a specified location, that has a specified wind profile. The quantity
𝑃𝑇 (𝑈𝑗 ) is the power delivered by the wind turbine rotor at the wind speed 𝑈𝑗 . This wind
speed should be the speed at the center of the wind speed bins set up in Chapter 4. The
quantity 𝑓𝑗 is the frequency that the wind speed 𝑈𝑗 shows up over the time period of interest.
The quantity ∆𝑡 is the time increment between each wind speed measurement. The
quantities 𝑈𝑗 and 𝑓𝑗 come from the work done in Chapter 4. These quantities describe the
wind resource and Equation (62) determines the energy produced by the wind turbine rotor
designed in Chapter 5 operating at a location where the wind resource is as described in
Chapter 4. The work of Chapter 6 provides the rotor power curve from which the quantities
𝑃𝑇 (𝑈𝑗 ) are obtained.
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Chapter 7. Results and Discussion

In this chapter, results related to the three main sections of this thesis work: wind
resource assessment, wind turbine rotor design, and wind turbine rotor analysis are
presented. For the wind resource, Eaton, Ohio is the site for which results are produced.
For wind turbine rotor design, two design parameters are studied. These are the design
speed ratio and perturbations to the lengths of each of the three blade segments. For wind
turbine rotor analysis power coefficient curves are presented for different rotor rotational
speeds. Also shown in the rotor analysis section are results from this work compared to
those from Hassanzadeh et al. [56]. This comparison plot should provide the reader with
some confidence in the performance of the computer program developed as part of this
work.

7.1. Wind Resource
The results presented in this section provide information on the wind resource
available in Eaton, Ohio. Distribution curves showing details of how the wind speed varies
in Eaton over the course of a year are provided, as well as single numbers that describe the
wind resource more succinctly.
A histogram of the wind speed distribution is shown in Figure 21. This histogram
provides the number of five minute increments that the wind speed in Eaton, Ohio falls
within a 1 m/s band. For example, the wind speed in Eaton falls in the 6 to 7 m/s band for
11,926 five minute increments over the course of a year. This means the wind speed is
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between 5 and 6 m/s for 994 hours during the year. The most frequent wind speeds in
Eaton, Ohio are in the range from 3 to 9 m/s. This is equivalent to 6.7 to 20.1 mph. These
are sufficient wind speeds to run a wind turbine. Wind speeds in the 0 to 1 m/s range occur
less than 83 hours out of the year. This means the wind is blowing nearly all the time in
Eaton, Ohio. The histogram in Figure 21 shows that wind speeds greater than 20 m/s (44.8
mph) rarely occur, and even those in the 15 to 20 m/s range are very infrequent.

Figure 21: Histogram for wind speeds in Eaton, Ohio.

Figure 22 shows what is called a speed duration curve. This curve is simply a
different why to present the data in Figure 21. While Figure 21 is the best way to view the
distribution of the wind speeds, Figure 22 is the best way to visualize the time during the
year that the wind speed will be above a certain value. For example, a speed duration curve
shows the time during the year that the wind speed in Eaton, Ohio will be above the cut-in
speed for a specified wind turbine. If the cut-in speed is taken as 3 m/s, then Figure 22
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shows that the wind turbine will produce power for 7800 hours of the year, on average.
Since there are 8760 hours in a year, this means 89% of the time this wind turbine will be
producing some power. Figure 22 also shows that wind speeds above 18 m/s almost never
occur in Eaton, Ohio.

Figure 22: Speed duration curve for Eaton, Ohio.

The last plot shown for the Eaton, Ohio wind resource is the power duration curve
(see Figure 23). This plot immediately shows the number of hours over the course of a year
that the power density in the wind is less than a specific value. This curve is just like the
speed duration curve, except power is being plotted instead of wind speed. It must be
realized that Figure 23 shows the power in the wind; not the power extracted by the wind
turbine. Wind turbine power production is shown in the following sections of this chapter.
Figure 23 shows that wind power densities above 3.5 kW/m2 are rarely present in Eaton,
Ohio. For the most part the wind power density in Eaton, Ohio is generally below 1 kW/m2.
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Figure 23: Power duration curve for Eaton, Ohio

Table 4 provides single number descriptions of the wind resource in Eaton, Ohio.
The average wind speed is seen to be 6.49 m/s which makes Eaton, Ohio a low wind speed
site according to the IEC (International Electrotechnical Commission) classification
system. The IEC system of wind classes has three categories: high, medium, and low.
According to the United States Department of Energy specified wind power classes [88] at
50 meters height, an average power of 374 W/m2 (see Table 4) puts Eaton, Ohio in class 3.
It must be realized that the wind speeds shown here are for a 70 m height. This means the
Eaton, Ohio may be a class 2 wind site. There are seven classes to the United States
Department of Energy system where class 7 is the highest average wind power density and
class 1 is the lowest average wind power density. Class 3 could be considered a location
that is not appropriate for wind turbines; however, the trend has been to install wind
turbines in locations with lower speed resources. Thus, it is appropriate to say that Eaton,
Ohio has a borderline wind resource for wind turbine installation. Lastly, Table 4 shows
that the energy density in the wind for Eaton, Ohio is 3280 kW-h/m2 for a one year time
period. The average annual electrical energy usage of a home in the United States is 10,766
70

kW-h. Assuming an invariable wind turbine efficiency of 40%, a typical home would
require a wind capture area of 8.2 m2.

Table 4: Single number results of wind resource assessment.
Average Wind Speed

6.94 m/s

Standard Deviation of Wind Speed

3.48 m/s

Average Wind Power Density

374 W/m2

Annual Energy Density in Wind

3280 kWh/m2

7.2. Rotor Design
In this section, results related to the rotor design parameters are presented. The
results presented in this section use both the design and analysis portions of the computer
program developed for this work. Analysis has to be used to properly assess design
parameters. The concept that differentiates the results present in this section and those
presented in the analysis section, is that the parameters surveyed in this section deal with
design choices. Thus, parameters studied in this section affect the outcome of the chord
length and pitch angle of the rotor blades. The results shown in the Rotor Analysis section
of this chapter vary operational parameters for one single rotor design. As discussed in
previous sections of this thesis, there are a number of choices that need to be made to
optimize the design of a wind turbine rotor. Two of these choices are surveyed in this
section of this thesis. These two parameters are the design blade tip speed ratio and the
length of the root, primary, and tip segments of the blades. Computer runs were also done
using one airfoil along the entire length of the blade.
In order to evaluate the best tip speed ratio for design, the rotational speed of the
rotor was kept constant at 15 rpm and the design tip speed was varied from 4.19 to 7. A
design tip speed of 4.19 is the one recommended by Equation (42) given in Chapter 5. Tip
speed ratios above 7 do not make any sense because they move the design wind speed

71

below the cut-in speed. It is senseless to design for a wind speed below which the wind
turbine rotor is used. Results for design tip speed ratios below 4.19 were not used because
they produced negative lift coefficients at speeds close to the cut-in speed for blade radius
locations close to the root. To avoid the complications injected into the analysis because of
negative lift coefficients, design blade speed ratios less than 4.19 are not surveyed.
The first figures shown in this section are the chord lengths and blade pitch angles
as a function of radius for different design tip speed ratios. These graphs are shown in
Figure 24 and Figure 25. From both of these figures, it can be seen that the chord length
and the pitch angle are strong functions of the radial location on the blade. This is
reasonable because the relative velocity of the air hitting the airfoil changes with radius.
The air speed and direction relative to the airfoil depend on the angular movement of the
rotor and the radial location on the rotor. Figure 24 shows that chord lengths are generally
largest at small radial locations and smaller at large radial locations. Figure 25 shows that
the pitch angle is also largest at small radial locations and smallest at larger radial locations.
This is due to the relative wind angle. At small radial locations, the relative wind is closer
to the oncoming wind; and at large radial locations the relative wind is controlled by the
rotor rotation and thus appears to be coming more from the side of the rotor. There are
some jumps in the pitch angle at the interface between blade segments, because airfoil
types change. Each of the airfoils has their set of lift and drag coefficients which determines
the design angle of attack. The pitch angle is also a function of this angle of attack which
causes the jump at the interfaces.
Figure 26 shows the effect of design blade tip speed ratio on the power coefficient
for a range of typical wind speeds. Remember that the power coefficient is a nondimensional way to display the power extraction ability of the wind turbine rotor. The
power coefficient can be looked at as the rotor efficiency. First the reader should recognize
the shape of each curve shown in Figure 26. Each curve quickly rises to a peak and then
drops back to low values as the approach wind speed increases. There is a maximum in
each of the four curves shown in Figure 26. Unsurprisingly, this maximum is located at the
wind speed that corresponds to the design tip speed ratio. Each of the four curves in Figure
26 corresponds to one design tip speed ratio. The curve that peaks at the lowest
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Figure 24: Chord length versus radial location of each segment of the
blade.
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wind speed is for the rotor that has the highest design tip speed, design = 7. The curve that
peaks at the highest wind speed is for the rotor that has the lowest design tip speed, design
= 4.19. Essentially Figure 26 shows the power coefficient curves peaking at their design
wind speeds. Equation (43) shows that higher design tip speed ratios result in lower design
wind speeds.
Another subtle characteristic of the curves shown in Figure 26 is that the peak
region of the curves seems to widen as the design blade speed ratio decreases. The

design = 4.19 curve has the widest peak region. It is also noticed that the design = 4.19 curve
maintains higher power coefficients than the other three curves for wind speeds higher than
its peak value to the cut-out speed of 25 m/s. This is pointed out because the peak power
coefficient of all four curves is just about the same value, 0.46. Thus, there are two
remaining ways that the energy conversion performance of these four rotors can
differentiate themselves when placed into service on a wind turbine in Eaton, Ohio. The
first is the width of the peak region, or the width of the curve overall, relative to the others.
Clearly the design = 4.19 power coefficient curve wins for this criteria. The second way a
rotor can produce more energy than other rotors is by matching the peaks in the power
coefficient curve to the wind speeds that are most prevalent at a given site. Which of the
four power curves shown in Figure 26 wins on this criteria cannot be determined from
Figure 26. This information will be shown in Figure 28.
Figure 27 shows the corresponding power output of each power coefficient curve
shown in Figure 26. While the same results are shown in both figures, the shape of the
curves is different. In essence, the curves in Figure 27 are nothing more than the curves in
Figure 26 multiplied by a constant and the wind speed cubed. It is the multiplying by the
wind speed cubed that gives the curves their different shapes. In Figure 27, the power
output continually increases as the wind speed increases. This is what one would intuitively
think should happen. The presentation of the rotor performance in Figure 26 might give
one the mistaken idea that power production drops as the wind speed goes above the
optimum values of power coefficient. The presentation of the power results in Figure 27
also highlights the improvement of the rotor designed with a blade tip speed ratio of 4.19
over the other rotors. While the design = 4.19 curve does drop below the other curves in
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Figure 26: Power coefficient versus wind speed for different design tip
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Figure 27 at lower wind speeds, Figure 27 shows that the low wind speed differences shown
in Figure 26 are not as important as they look in Figure 26.
Unlike the above power analysis done with the wind turbine exposed to individual
wind speeds that are not weighted for a given location, in practice, wind turbines operate
with different wind speeds that occur with varying frequencies throughout the year. Figure
28 shows a plot of the designed rotor’s annual energy output for the wind profiles present
in Eaton, Ohio, for a wind turbine with a fixed rotational speed of 15 rpm. While the plot
shows wind speed on the horizontal axis, like it is an independent variable, it is not an
independent variable in this analysis. The independent variable is Eaton, Ohio and once
this is chosen, the wind speeds and the length of time the wind speeds are present become
fixed. Figure 28 simply breaks out the energy production for each wind speed present in
Eaton, Ohio over the course of one year, for each designed rotor. The numbers shown on
the vertical axis of Figure 28 are the annual energy production of the given wind turbine
rotor for Eaton, Ohio. These numbers were obtained using Equation (62). Annual energy
output for all wind speeds are tabulated in Table 5. Essentially the single number results of
Table 5 are summations of the energies at each individual wind speed shown in Figure 28.
From the results shown in Figure 28 and Table 5, it can be concluded that the wind turbine
rotor that provides the best overall energy production performance at an operational
rotational speed of 15 rpm is the rotor designed with a blade tip speed ratio of design =
4.19. This is the design blade tip speed ratio recommended by the Ragheb [87] equation
shown in Equation (42).
Table 5: Annual energy output of wind turbine rotor located in Eaton,
Ohio for design tip speed ratios from 4.19 to 7.

Tip speed ratio, λ

Annual Energy Output for Eaton, Ohio

4.19

1.15x106 kWh

5

0.864 x106 kWh

6

0.609 x106 kWh

7

0.435 x106 kWh
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Figure 28: Annual energy output versus wind speed of a wind turbine
rotor located on a wind turbine in Eaton, Ohio with the rotor spinning at
15 rpm. All energy outputs are calculated for the length of time each
wind speed is present in Eaton, Ohio over the course of a year.

Effect of Blade Segment Lengths
The radial locations where one airfoil switches to another airfoil are chosen as
suggested by Tangler and Somers [81]. The root uses a S818 airfoil, the primary segment
of the blade uses a S816 airfoil, and the tip segment of the blade uses a S817 airfoil, as
discussed in Section 5.2. Therefore, the blade segments for the 20 m radius rotor looked at
in this thesis are 4 to 12 m for the root segment, 12 to 18 m for the primary segment, and
18 to 20 m for tip segment. The region from 0 to 4 m is composed of the hub and blade
extensions. These blade extensions are usually cylindrical in shape. Three changes to the
standard segment lengths were tried providing four curves of results. First, the start of the
primary blade segment was moved to 10 m instead of 12 m and the tip blade segment was
kept the same length. Secondly, the tip blade segment was shortened by 1 m, making the
end of the primary blade segment 19 m instead of 18 m (in other words, the tip blade
segment started at 19 m instead of 18 m) and the root blade segment was kept its original
length. Thirdly, a combination of the first and second options was simulated. In this case,
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the primary blade section starts at 10 m and ends at 19 m. The fourth case was the unaltered
blade segment lengths.
Figure 29 shows the results of the three cases compared to the unaltered case. It can
be seen from this figure that there is hardly any difference in the power output for all four
cases. The three altered cases fall on top of one another and cannot be differentiated in
Figure 29. The unaltered case, denoted by the black curve, produces the most power of the
three cases tested. This indicates that the recommendations made by Tangler and Somers
[81] are good.
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Figure 29: Annual energy output comparison of varying the lengths of
each of the three blade segments.

One more series of simulations was run to understand the effect of the length of
each blade segment on the final energy production. This test looked at using one type of
airfoil for the entire length of the blade. One simulation was done using the root airfoil,
S818, for the entire blade, one simulation was done using the primary airfoil, S816, for the
entire blade, and one simulation was done using the tip airfoil, S817, for the entire blade.
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When the root airfoil was used for the entire blade, wind speeds of 3 m/s resulted
in negative power coefficients at the primary and tip region; hence the cut-in speed was
moved to 4 m/s. Even with a cut-in speed of 4 m/s, complications at the blade tips still
existed. The computer program had convergence issues for most regions of the blade at
wind speeds lower than our design wind speed of 7.5 m/s. Having the cut-in speed moved
to 7 m/s eased the convergence issues; however, there were problems at the tip areas for
higher wind speeds. When the primary airfoil was used along the entire length of the blade
or the tip airfoil was used along the entire length of the blade, the computer program had
convergence issues at the root areas and to a lesser extent at the tip areas for speeds lower
than the design wind speed of 7.5 m/s. From these tests, it is concluded that a combination
of three airfoils provides better performance than a single airfoil when it comes to large
diameter rotors. This is in accordance with what investigators in the literature have found
as well [81].

7.3. Rotor Analysis
In this section, two types of results are presented. The first is comparison results to
those published in the literature. This is done so the reader can gain confidence in the
computer program developed for this work. The second type of result presented is the
performance of the wind turbine rotor as a function of the wind turbine rotational speed.
Instead of rotational speed, the operating blade tip speed ratio could have been used as was
done in the comparison results, but this is not done. The reason for sticking to wind speeds
is the operational results presented in this section are for the wind speeds present in Eaton,
Ohio. In addition, the energy results are weighted according to the time this wind speed is
operative in Eaton. Presenting these results in terms of the blade tip speed ratio would be
confusing. There are benefits to presenting power results as a function of operating blade
tip speed ratio, as is done with the comparison results. This is beneficial because the rotor
rotational speed and the approach wind speed collapse into one quantity. Thus the amount
of the results that need to be presented to cover the operating space of both rotor rotational
speed and wind speed are greatly reduced. This does not happen for the energy results
presented in the second subsection below.
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Computer Program Validation
In order to substantiate the equations and methods used in the computer program
written as part of this work, results from this computer program are compared with those
of Hassanzadeh et al. [56] and to the UAE Phase-VI research wind turbine experimental
results that are published in reference [65]. Hassanzadeh et al. analyzed the UAE Phase-VI
research wind turbine rotor that was developed by the National Renewable Energy
Laboratory, for which experimentally measured results exist. An S809 airfoil was used on
this two bladed, 10 m diameter wind turbine that rotates at 72 rpm. Hassanzadeh et al.
performed a “blind comparison” to these experimental results. That is, Hassanzadeh et al.
had to produce their computational results without knowing the experimental results. This
is one of the fairer ways to compare computational and experimental results.
Figure 30 shows results from the model put forth in this thesis and then
implemented in a MATLAB program compared to the computational results of
Hassanzadeh et al. and the experimental results taken on the UAE Phase-VI research wind
turbine rotor. From Figure 30, it is seen that the computational results produced by this
work are close to the computational results produced by Hassanzadeh et al. This
comparison provides evidence that the equations and methods used in the computer
program of developed as part of this work were implemented and programmed correctly.
The comparisons between the results from this work and the experimental results provide
evidence that the mathematical models chosen for this work to simulate wind turbine rotor
performance are reasonable and mimic real wind turbine performance, at least under the
conditions shown in Figure 30.

Rotational Speed Survey
After settling that the best tip speed ratio for a wind turbine placed in Eaton, Ohio
of the four tested in design section of this Chapter is 4.19, this tip speed ratio was used to
design the wind turbine rotor used for the rotational speed survey performed in this section
of this chapter. This survey was done by varying the rotational speed of the rotor from 10
to 20 rpm and plotting the energy produced over the course of a year, in Eaton, Ohio. These
results are shown in Figure 31. As expected, the power output of the wind turbine increased
as the rotational speed increased from 10 to 20 rpm. At wind speeds less than 6 m/s lower
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rotational speeds produce more power, but the differences are relatively small. In fact, at
rotational speeds higher than 15 rpm, the cut-in speed had to be increased to 4 m/s. At the
desired cut-in speed of 3 m/s, as used for the other results in this thesis, there were
convergence issues at the root area of the blades. These convergence issues were due to
negative lift coefficients at small angle of attacks. Negative lift coefficients mean the wind
turbine rotor is putting power into the wind instead of taking power out of the wind. Thus,
higher rotational speeds do not perform well in the root region of the blades at low wind
speeds, but overwhelmingly higher rotational speeds produce more energy than lower
rotational speeds, at least up to 20 rpm.
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Figure 30: Comparisons between power coefficient results from this
work and computational results from Hassanzadeh et al. [56] (HHHD’s
Simulation) and experimental results from [65].
The fact that the 20 rpm rotational speed extracts more energy from the wind in
Eaton, Ohio is concretely determined with the results presented in Table 6. Table 6 shows
the annual energy production of the wind turbine rotor for the same rotational speeds as
presented in Figure 31. This table shows a monotonic increase in annual energy production
as the rotational speed is increased. The bigger percentage increase is obtained in going
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from 10 to 13 rpm as compared to going from 17 to 20 rpm. This same behavior can be
seen in Figure 31 as well, but the reader needs to be careful because the first increment in
rotational speed is 3 rpm and the rest are 1 rpm. Never-the-less the declining advantage of
increasing rotational speed can be seen. The differences between the annual energies shown
in Table 6 continually decrease, indicating a declining advantage of increasing rotational
speed. For a rotational speed of 20 rpm, the annual energy production of this wind turbine
rotor is 1.56x106 kWh.
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Figure 31: Annual energy output versus Eaton, Ohio wind speeds where
the time duration of each wind speed is that which occurs in Eaton, Ohio.
The design tip speed ratio of the wind turbine rotor is 4.19.
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Table 6: Annual energy output of a wind turbine rotor located in Eaton,
Ohio. The design tip speed ratio of the wind turbine rotor is 4.19.

Rotational Speed of the Rotor

Annual Energy Output for

(rpm)

Eaton, Ohio
(kWh)

10

0.566x106

13

0.922x106

14

1.04x106

15

1.15x106

16

1.24x106

17

1.34x106

18

1.42x106

19

1.49x106

20

1.56x106

So that readers can see how some of the parameters used in the analysis varied
along the length of the blades, Figure 32 through Figure 35 are presented. Figure 32
displays axial induction factors, Figure 33 displays angular induction factors, Figure 34
displays relative wind angles, and Figure 35 displays the thrust coefficient. All of these
parameters are plotted for a rotor rotational speed of 15 rpm, a design tip speed ratio of
4.19, three blade segments using the standard lengths, and an overall rotor radius of 20 m.
Separate curves are shown for winds speeds that range from 3 m/s to 25 m/s.
The axial induction factors in Figure 32 are not a strong function of radial location
except near the blade tips. Near the blade tips the axial induction factors can be seen to
increase rapidly. In terms of wind speed, the axial induction factors generally decrease as
the wind speed increases. This is due to the design wind speed being 7.5 m/s. Thus, the
7 m/s wind speed has the most optimum axial induction factors. For maximum power
extraction, the optimum axial induction factor should be 1/3. Also seen in the curves for
the axial induction factors are some quick variations in the 11 to 13 m radial locations.
Twelve meters is the radial location where the blade changes from the root airfoil to the
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primary airfoil. At 18 m, where the blade changes from the primary airfoil to the tip airfoil,
there are also some bumps. These bumps are not as large as the root to primary transition
bumps, but they are noticeable in Figure 32. It needs to be mentioned that axial induction
factors for the 3 and 5 m/s wind speeds are not presented on this graph. They are not shown
because of their somewhat erratic nature. It is believed there are some numerical issues
being encountered in the calculation of the axial induction factor at low wind speeds. At
these wind speeds, for a rotor rotational speed of 15 rpm, the axial induction factor
calculation is sensitive. In contrast to some of the wavy nature of the axial induction factors,
the angular induction factors shown in Figure 33 are well behaved. For the most part,
angular induction factors are small, except near the root area of the blade where rapid
increases are seen. Even for 3 and 5 m/s the angular induction factors are well behaved.
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Figure 32: Axial induction factor versus radial location on the blade for
a rotor rotational speed of 15 rpm.
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Figure 33: Angular induction factor versus radial location on the blade
for a rotor rotational speed of 15 rpm.

Figure 34 shows the relative wind angle along the blade for a range of wind speeds.
The relative wind angle is the angle from the rotor plane of rotation that the air velocity
makes when viewed by an observer on the wind turbine blade at the radial location
specified. The large relative wind angles at low radial locations mean the air flow as seen
by an observer on the wind turbine blade at the specified radial location, is coming in close
to perpendicular to the plane of rotation of the wind turbine rotor. The small angles seen
close to the tip of the wind turbine blade, means an observer is seeing the air flow close to
parallel to the rotor plane of rotation. This behavior is easy to explain. The decreasing
relative wind angle is simply due to the increasing linear blade velocity at higher radial
locations. In terms of the approaching wind speed, relative wind angles become larger for
larger approach wind speeds. Larger approach wind speeds, negate the effect of the rotation
of the blades.
Lastly, Figure 35 shows thrust coefficients as a function of radial location and wind
speed. The thrust coefficient indicates the force exerted on the blades in the direction of
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Figure 34: Relative wind angle versus radial location on the blade for a
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blade for a rotor rotational speed of 15 rpm.
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the oncoming wind. That is the force bending the blades out of their plane of rotation. In
this work, thrust coefficients are required to determine the power extracted from the wind.
However, thrust coefficients are also important to determine the bending of the blades. If
blades bend too far, they could collide with the tower destroying the wind turbine. From
Figure 35 it can be seen that thrust coefficients have similar behavior to axial induction
factors.
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Chapter 8. Conclusions

The main objective of this thesis work was to develop a computer program that
analyzes the wind resource, designs a wind turbine rotor for maximum power production
for one wind speed, and then analyzes the performance of this newly designed wind turbine
rotor over a range of wind speeds. This objective has been met and a number of results
have been produced with this newly developed MATLAB computer program. To verify
the output of the analysis portion of this computer program, results have been compared to
those published in the literature. Comparisons have been made against other
computationally generated results and experimentally obtained results. These comparisons
are excellent, providing evidence for the accuracy of the work done here.
A detailed wind resource assessment for Eaton, Ohio at an elevation of 70 meters
has been performed. A number of useful plots of the wind resource in Eaton, Ohio were
produced such as a wind speed histogram, a speed duration curve, and a power duration
curve. Single number descriptions of the wind resource were also produced by the
developed computer program, such as the average wind speed, the standard deviation of
the wind speed, the average wind power density, and the average yearly energy density.
This wind resource assessment portion of the developed computer program provides useful
information on the potential energy production of a wind turbine installed at a particular
site. The average wind power density in Eaton, Ohio is 374 W/m2 and the annual energy
density of the winds in Eaton, Ohio is 3280 kWh/m2. These results were calculated using
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wind measurements taken in the year 2012 and should be taken as representative values for
other years. These numbers indicate that the wind resource in Eaton, Ohio is on the
borderline of being a site where wind turbines should be installed.
Even though Eaton, Ohio does not have the most energetic winds, this work went
ahead and designed a wind turbine for use in Eaton, Ohio. Blade element momentum
theory, that includes wake rotation, was used to determine the chord length and pitch angle
of the wind turbine blades as a function of radial position along the blade. Published
recommendations were used to select airfoils for a wind turbine blade that uses three
different types of airfoils along its length. A S818 airfoil was used for the root section of
the blade, a S816 airfoil was used for the primary section of the blade, and a S817 airfoil
was used for the tip section of the blade.
Two inputs to the rotor design portion of this newly developed computer program
were surveyed as part of this work. The first design input surveyed was the design wind
speed, or equivalently the design blade tip speed ratio. Design blade tip speed ratios were
varied from 4.19 to 7 for a rotor rotational speed of 15 rpm. A design tip speed ratio of 4.19
delivered the best performance. This is the design tip speed ratio calculated by a literature
recommended equation. For all the design tip speed ratios tested in this work, rotor power
coefficient versus wind speed and rotor power versus wind speed curves were produced
and presented. Getting power curves for the wind turbine rotor was an objective of this
work. From these power curves annual energy production curves as a function of the wind
speed for Eaton, Ohio were produced. In addition to presenting annual energy production
as a function of wind speed, the total energy production for each of the designed rotors
placed in Eaton, Ohio are given. The second design input surveyed was the locations along
the blade length where airfoils were changed from the root airfoil, to the primary airfoil, to
the tip airfoil. This surveyed showed that tweaking the locations for where these airfoil
changes are made from literature recommended values reduced rotor performance slightly.
Designing the blades with a single airfoil led to program convergence issues. These
convergence issues occurred at the root and tip regions of the blades. These convergence
issues are generally an indicator of poor blade performance and are indicative of the need
for multiple airfoil types on large diameter wind turbine rotors.
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From the analysis perspective of this work, one operating parameter was surveyed.
This operating parameter was the rotational speed of the rotor. Rotational speeds from 10
to 20 rpm were surveyed and results presented. The results presented for the operating
parameter survey are the annual energy production as a function of the wind speed and the
total annual energy production. The annual energy values versus wind speed are for the
time these wind speeds are operative in Eaton, Ohio. For a rotational speed of 15 rpm the
annual energy conversion of a 20 m radius rotor located in Eaton, Ohio with a hub height
of 70 meters is 1.15x106 kW-h and for a rotational speed of 20 rpm it is 1.56 x106 kW-h.
Thus, a higher rotational speed resulted in higher energy production. The final results
presented in the analysis portion of this thesis are intermediate wind turbine rotor
parameters as a function of radial location on the blade for a rotational speed of 15 rpm.
Axial induction factors, angular induction factors, relative wind angles, and thrust
coefficients are presented.
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